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Abstract: This study focuses on the measurement and evaluation of dielectric properties of composite materials with a view to benefiting these relevant industries. Previously published, have been the mechanical and thermal properties of sawdust reinforced epoxy composites.  The properties of a dielectric material can be controlled through the introduction of various fillers.    This study was primarily undertaken to determine the effect of sawdust on the dielectric properties of the composites.  The original contribution of this paper states that samples post-cured in microwaves have higher dielectric constant values but lower loss tangent values than their counterparts post-cured in an oven.    For all percentages by weight of sawdust, the glass transition temperature for the microwave-cured samples was lower and the composite was softer; the opposite was true for the oven cured sample. In addition, the storage modulus of all samples post-cured in microwaves is also lower than their counterparts.  This is in line with the fact that it is a softer material and has lower storage modulus and lower glass transition temperature.  
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Introduction

The Centre for Excellence in Engineered Fibre Composites (CEEFC) at the University of Southern Queensland (USQ) seeks to facilitate the development and introduction of lightweight composite materials into commercial engineering applications. Although, there are many different types of resin in use in the composite industry, the majority of structural parts are made with three main types, namely polyester, vinyl ester and epoxy. The mechanical properties of polyester resins are inferior when compared with epoxy resins which are very expensive.   The epoxies are more expensive and, in addition to commercial applications, are also utilized extensively in polymer matrix composites for aerospace applications; they have better mechanical properties and resistance to moisture than the polyesters and vinyl resins [1].  Epoxies are also good dielectric and have been used to manufacture printed circuit boards (PCB).  Through the introduction of various fillers to an insulative media, the dielectric properties of that filled media can be controlled [2-4].  Much work has been also done to evaluate the effect of a single filler in a composite [2].  This paper presents the results of the investigation of sawdust in epoxy resin.  The aims of the study are to increase the toughness of the resin, reduce the cost of the composite and render the resin more suitable for making high voltage bushings.
The epoxy resin used in this study is Kinetix R246TX Thixotropic Laminating Resin, an opaque liquid, and the hardener used is Kinetix H160 medium hardener which has a pot life of 120 minutes. Other hardeners like H126, H128, H161 and H162 can also be used [2].  The glass powder was first mixed with epoxy resin, after this the hardener, Kinetix H160 medium was added.  The by weight ratio of resin to hardener used was 4:1 [2].  The composite was then cast to mould and left to cure under ambient conditions for 24 hours.  The specimens were taken out of the moulds and then, usually, post-cured in oven at 40 oC for 16 hours, and then at 50 oC for 16 hours and finally at 60 oC for 8 hours.  In this study, it would be post-cured in microwaves to the same temperatures. This is to ensure the heat distortion temperature (HDT) is above 63 oC.  To bring the ultimate HDT to 68 oC, another 15 hours of post-curing will be required [5].  The dielectric loss of the specimens was measured.

In this study, the dielectric properties of the epoxy resin composites reinforced with sawdust were investigated and correlated with the thermal properties.  The particle sizes of sawdust used were ≤300 µm, 300-425 µm and 425- 1180 µm.  The percentage by weight of sawdust was also varied,  from 5% to 15% in step of 5 %, to investigate what was the optimal percentage, by weight, of the filler in as far as the two groups of properties studied.

The Composite Samples 

The sawdust used was pine waste from sawmills.  It has a variety of practical uses, including fuel and manufacturing of the particle board. Until the advent of refrigeration, it was often used in icehouses to keep ice frozen during summer. In terms of hazards it is flammable when in contact with fire [6].   It was sieved with three sieves different sizes, <300 μm, 300-425 μm and 425-1180 μm.  The sawdust particles reduce the weight of the composites, lowering its cost and improving its performance.   The epoxy resin used was mentioned above.
The filler was sawdust particulates and they were made 5%, 10%, and 15% by weight in the cured epoxy composite, EP/sawdust (X %), where X was the percentage by weight of the filler. Table 1 shows the mass in grams of resin, hardener and sawdust required respectively to make 1000 grams of uncured composite of 20 % w/t of sawdust (300-425 µm). As the raw materials of the composites were only comprised of liquid and sawdust, specimens of 120 mm (L) x 120 mm (W) x 6 mm (T) were cast to shape.

This procedure used is detailed below:

1. The resin, as an opaque liquid, was first mixed with the hardener.  

2. The sawdust was then added to the mixture, and mixed to yield an uncured composite.  

3. The mixture of sawdust, resin and hardener was then blended with a mechanical blender to ensure a final homogenous mixture. 

4. Before pouring the uncured composite into the prepared mould, all faces which would come into contact with the composite were sprayed with a wax releasing agent to facilitate easy release of the samples after curing from the mould. 

5. The uncured composite was then cast into the moulds, and cured in ambient conditions.  

6. After an initial ambient-cured of 24-hours, half of the test pieces were removed from the mould and their dielectric loss tangent were measured.  The other half was taken out of the mould and post-cured in a modified Sanyo microwave oven.  
The specimens were placed into the microwave cavity and heated to 40 oC. This process took 8 minutes with a power level of 160 W. The temperate of the specimens was measured by an infra red handheld thermometer.  The temperature was measured using an Oakton TempTestr Infra Red handheld thermometer.  After the specimens were cooled down to room temperature in the oven, the specimens were then heated again to 50 oC.  It took 15 minutes with a power level of 160 W. The specimens then left to cool down to room temperature in the oven. The specimens were again heated to 60 oC. This time, it took 20 minutes with a power level of 160 W.  The heating of the samples to 40 oC, 50 oC and 60 oC is in accordance to the recommendations of the resin manufacturer to ensure that the samples heat distortion temperature (HDT) is above 63 oC [2]. The dielectric loss tangent of specimens was then measured as well.

Dielectric constant and loss tangent 

Electrical dielectric properties can be used to classify materials as conductors, quasi conductors or insulators. The alternating polarisation of the molecules can consume energy, this is polarisation loss, and a complex numerical permittivity is required to characterise these materials. Materials can for instance be good conductors at particular frequencies while becoming an electrical insulator at others. A dielectric material is a substance that is a poor conductor of electricity, but an efficient sustainer of electro static fields. An important property of a dielectric is its ability to support an electrostatic field while dissipating minimal energy in the form of heat. The lower the dielectric loss, the proportion of energy lost as heat, the more effective is a dielectric material. 
The dielectric tangent loss of the samples of glass powder filled epoxy composites were measured for two curing conditions:

· cured under ambient conditions; and 

· cured ambient conditions plus post-curing in microwaves.  
The complex relative permittivity of a dielectric is defined as  = (( - j((; where the real part is the dielectric constant; and the imaginary part is referred to as the loss factor.  The ratio of these two values is defined as the loss tangent, tan ( = 
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An Agilent-4263B type LCR (Inductance, Capacitance, Resistance) meter was used to measure the dielectric tangent loss of the samples mounted into a custom measurement assembly.  Two copper plates formed a parallel plate capacitor with the flat cured sample sandwiched between so as to form the dielectric, as shown in Figure 1.   The sample size was selected to be at least 120mm x 120mm to ensure sufficient generation of electro static fields.  This experimental configuration was then connected to the inputs of the LRC meter to complete the circuit for measurement as shown in Figure 2.  Recordings of the loss factor for selected frequencies were made for each of the sample pairs, and the results analysed. 
Figure 3 shows the schematic for the parallel connection of C and G.  The distributed shunt capacitor, C, and the conductance, G, are both dependent on the properties of the dielectric material which separates the two line conductors. The currents flowing through the parallel combination of C and G are shown in Figure 3(a) and their phasor relationship in Figure 3(b).

From the measurements, the real and imaginary parts of the dielectric loss can be calculated from the following relationships [8]:

                                                             C = 
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where C is the capacitance in Fm-1;

           ε0 is the dielectric permittivity of  free space = 
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 is the dielectric constant of the composite;

           A is the surface area of the samples in mm2; and

           s is the thickness of the composite sample in mm2.

and                                                         G = 
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where G is the conductance of the composite in Sm-1; and

           A and s are the same as above.

and                                                        
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where  is the frequency in the range of 10 to 100 kHz [8], 

and the loss tangent [9] is defined as

                                                             tan δ = 
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It is also found that from the above relationships that the permittivity and loss tangent are frequency dependant. Experimental data was collected at the following frequencies: 100 Hz, 120 Hz, 1 kHz, 10 kHz, 20 kHz and 100 kHz.

If the properties of the dielectric are assumed to be constant across the frequency range of interest, then C becomes constant with G proportional to the frequency, hence the loss tangent can be easily calculated by the formula [7]:

                                                               G = ωC tan δ                                                             (5)

The dielectric constant or permittivity can be calculated by rearranging Eq (1): 

                                                                 εr = 
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Results and discussions

Figures 4 and 5 show Figure 2.4 lays out a typical structure of an asset life cycle. It is made up of several segments, each of which are equally important and are shown in Table 1. The dielectric constant of sawdust (particle size 300 -425 µm) filled epoxy composites with varying percentages of sawdust by weight post-cured in an oven and post-cured in microwaves respectively.  For all wt % of sawdust (except neat resin), the specimens post-cured in an oven had lower dielectric constant values than their counterparts. 
Referring to Figure 4, it can be found that the values of dielectric constant of samples (post-cured in an oven) with higher wt % of sawdust (300-425m) were higher than their counterparts with lower wt % of sawdust for all frequency range measured. This was in line with the results obtained by Frost and McGrath who measured the dielectric constant of barium titanate and alumina epoxy composites post-cured conventionally [2]. These were shown in Figures 6 and 7 respectively.  Moreover, Hong et al. found that the permittivity of the LDPE/zinc oxide composites with homogeneous filler distribution was found to be roughly proportional to the volume fraction of ZnO particles in the composites, as depicted in Figure 8 [11].  This was further supported by the work of Wu et al. in which the dielectric constant of BSTZ [(Ba0.8Sr0.2)(Ti0.9Zr0.1)O3] filled epoxy composites increased with increasing filler loading as depicted in Figure 9 [12].  In addition, it can also be observed that the dielectric constant decreased slightly with increasing frequency (Figure 4). 

With reference to Figure 5, it can be found that the values of dielectric constant of samples (post-cured in microwaves) with higher wt % of sawdust (300-425 μm) were higher than their counterparts with lower wt % of sawdust for all frequency range measured.  The results of Figure 4 were similar to these.  Moreover, the behaviour of the dielectric constant was the same to that of its counterpart (Figure 4), i.e. decreased with increasing frequency. This was supported by the finding of Paz in which dielectric constants of sawdust with different moisture content were measured and the higher the frequency at which measurement was carried out, the lower the values of the dielectric constant would be as depicted in Figure 10 [13].

The degree of dielectric constant increase was slight for samples post-cured in an oven (Figure 4) and was in line with the results obtained by Frost and McGrath who measured the dielectric properties of barium titanate and alumina epoxy composites post-cured conventionally [2].  In both cases, the samples have been post-cured to improve the degree of curing of the resin and to drive the water out of the sawdust, if any, in this study.

In this study, it can be argued that samples post-cured in microwaves still contained moisture because of the sawdust. The higher the wt % of sawdust the higher the moisture content and would result in higher dielectric constant values as depicted in Figure 5.    This was supported by the finding of Paz in which dielectric constants of sawdust with different moisture content were measured and the higher the wt % of sawdust, the higher the values of the dielectric constants as depicted in Figure 9 [13].
The dielectric constant of sawdust is 1.3 and that of neat epoxy at 100 KHz is 3.6 [14]. The Maxwell-Garnett approximation: 
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 predicts the dielectric constant for a mixture of spherical particles with dielectric constant εd dispersed in a matrix with lower dielectric constant, εm, with volume fractions of vd and vm, respectively [15].  The calculated dielectric constant values of the composites with 5, 10 and 15 wt % of sawdust, by Maxwell-Garnett approximation, were 2.06, 2.10 and 2.15 respectively, which was less than 3.6 but the measured dielectric constant of the composites with 5, 10 and 15 wt % of sawdust at 100 KHz were 2.89, 3.02 and 3.12 respectively. In the calculations, the relative densities of sawdust and neat epoxy resin were 0.21 and 2.25 respectively [16, 17].  This implied that some moisture was still in the sawdust even the sawdust was dried before mixing with the epoxy resin in the manufacture of the composites.  The dielectric constant of the sawdust was over 1.3 because of the moisture content.

Figures 11 and 12 show the dielectric loss values of sawdust (particle size 300 - 425 µm) filled epoxy composites with varying percentages of sawdust by weight post-cured in an oven and post-cured in microwaves respectively.  For all wt % of sawdust, the specimens post-cured in an oven had higher loss tangent values than their counterparts. 
Wu et al. filled epoxy resin with self-synthesized (Ba0.8Sr0.2)(Ti0.9Zr0.1)O3 (BSTZ) ceramic powder. The composites were cured conventionally in an oven.  The loss tangents (tan δ) of epoxy/BSTZ composites were measured at 100 k to 1 MHz, and Figure 13 showed that the loss tangent was almost unchanged as the measured frequency increased. Two reasons would cause this result: (1) the BSTZ ceramic powder was surrounded by the epoxy, which was in contact with the electrodes and would induce bound charges on the electrodes [10]. For that, the measured frequency dependence of the dielectric constants of epoxy/BSTZ composites was similar to epoxy [10, 11], (2) the BSTZ ceramic powder contained finer and coarser particles. The finer BSTZ ceramic particle could fill the interstitial space of coarser BSTZ ceramic particle, and BSTZ ceramic powder would be well dispersed in the epoxy. This kind of particle size distribution would result in a denser powder packing and reveal a lower loss tangent [11, 12]. However, it was also found that the loss tangents of epoxy/BSTZ composites slightly increased with the increase of measured frequency when the BSTZ contents were from 50–70 wt %, this was due to the existence of porosities [18].  The results seemed to be different from that of this study (Figure 11).  In this study, the loss tangent dropped sharply when the frequencies of measurement were increased from 100 Hz to 1 kHz; after this, the change was not much with increasing frequencies.  This was due to different fillers used as well as different frequency range targeted.  However, it can be found that for most of the frequency range, the values of the loss tangent with low wt % of fillers were between 0.020 and 0.025.  It can therefore be argued that if the frequency range targeted in this study was the same as that of Wu et al., the values of loss tangents of composites used in this study would be not far from those obtained by Wu et al. in their study.
 For all other wt % of sawdust, the specimens post-cured in an oven had higher electrical loss tangent values than their counterparts.  They can be further processed by curing them in microwaves to 100 % cured to make them stiffer in much shorter time duration [10].   It can be argued that the post-curing can be completely performed through microwave irradiation to reduce processing time and increasing degree of cure [10].

Referring to Figure 14, for all samples, irrespective the percentage by weight of sawdust, samples post-cured in an oven have higher glass transition temperatures than their counterparts, which implied that samples post-cured in microwaves were softer materials than their counterparts and this is at par with the storage modulus values found (Figure 15). In general, samples post-cured in an oven will have higher electrical loss tangent than their counterparts post-cured in microwaves.  Furthermore, it can also be argued that samples with other particle sizes, ≤300 µm and 425 -1180 µm, will also have the same behaviour as samples with particle sizes of 300 - 425 µm.

Conclusions

From the electrical loss tangent measurements, it was found that the samples post-cured in an oven have higher electrical loss tangents than their counterparts because the post-curing in an oven might not be complete. This equates to samples post-cured in microwaves had absorbed enough energy to be completely cured and had all the water content removed from the sawdust.  

From the mechanical loss tangent measurements, it was found that the samples post-cured in microwaves have lower mechanical loss tangent values than their rivals post-cured in an oven because the energy that can be converted into heat during deformation was less and the specimens should be stiffer [19].  

From the above two arguments, it can be concluded that when the electrical loss tangent of a material is low, its storage modulus should also be low.  The material is stiffer and has fewer or no water molecules.  In the future, instead of measuring the dielectric loss tangent of a material to determine its suitability of microwave processing, one can measure its storage modulus.  Alternatively, instead of measuring the storage modulus to determine whether the material is soft or stiff, it is possible to make inferences from its dielectric loss tangent [9].
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