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Abstract

:

The paper presents the effects of gradual temperature curing on the dielectric properties of epoxy nanocomposite samples. Samples were prepared based on Class H epoxy resin filled with nano-alumina (Al2O3) for different wt% loadings (0.5 wt% to 5.0 wt%) and two different filler sizes (13 nm and <50 nm), i.e., two different specific surface area values. During the research, specimen sets were cured gradually at increasingly higher temperatures (from 60 °C to 180 °C). Broadband dielectric spectroscopy (BDS) was used to determine the characteristics of the dielectric constant and the dielectric loss factor in the frequency range from 10−3 Hz to 105 Hz. As a result, it was possible to analyze the impact of the progressing polymer structure thermosetting processes on the observed dielectric parameters of the samples. The nano-Al2O3 addition with 0.5 wt%, 1.0 wt%, and 3.0 wt% resulted in a decrease in dielectric constant values compared to neat epoxy resin samples. The most significant reductions were recorded for samples filled with 0.5 wt% of 13 nm and <50 nm powders, by about 15% and 11%, respectively. For all tested samples, the curing process at a gradually higher temperature caused a slight decrease in the dielectric constant (approx. 2% to 9%) in the whole frequency range. Depending on the nanofiller content and the curing stage, the dielectric loss factor of the nanocomposite may be lower or higher than that of the neat resin. For all tested samples cured at 130 °C (and post-cured at 180 °C), the differences in the dielectric loss factor characteristics for frequencies greater than 100 Hz are low. For frequencies < 100 Hz, there are prominent differences in the characteristics related to the size of the nanoparticle and the individual wt% value. At a small nanofiller amount (0.5 wt%), a decrease in the dielectric constant and dielectric loss factor was observed for frequencies < 100 Hz for samples with nanofillers of both sizes.
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1. Introduction


The constantly growing demand for high-quality electricity requires increasing the reliability of its supply through transmission and distribution networks. Such a course makes it necessary to improve the design and construction of used electrical equipment and installations. That task is carried out in particular through intensive research in terms of insulating materials technology. One of the development paths with high application potential in this field is nanocomposites use. Experimental research verifying their features is needed because the nanofiller influence on the composite material properties is not always apparent. The development of new insulating materials and the modification of the properties of existing ones using modern materials engineering methods is a response to the ever-increasing technical requirements for electrical insulating systems. Such an approach particularly applies to materials used in high-voltage applications [1,2,3]. These requirements result, first of all, from the gradual increase in the rated power and operating voltage levels of electrical devices and networks, as well as the required increase in their reliability and extension of their technical service life. One of the most promising research directions that could help to obtain materials with significantly improved dielectric properties is the intentional, controlled modification of high-molecular polymer structures of dielectrics with nanoparticle fillers of different types [1,2,3,4,5,6,7,8,9,10,11,12,13]. Many studies also concern obtaining such modifications of the structures and properties of polymer nanocomposites that will increase their thermal conductivity. The functional purpose of these changes is to improve cooling conditions and heat dissipation in working electric devices and machines [14,15,16,17].



The idea of using polymer nanocomposites as new, specific materials for electrical insulation was presented by T. J. Lewis in 1994 [18], and to the present day, there is a significant and very fast-rising number of research, publications, and patents in this area. The continuously growing interest in nanocomposites is related to their properties (and the possibility of their effective control), which in many cases are much more advantageous compared to polymers without fillers or modified with microfillers [1,3,19].



The addition of small, by weight or volume, amounts of nanometric inorganic particles to the structures of various polymer types (polyolefins, epoxies, etc.) enables the creation of new, modified materials with high potential for many electrical applications. The most important advantages of nanocomposites include noticeably better mechanical, thermal, and electrical properties, and the synergy of improving these parameters is also observed in many cases. The modification of dielectric properties in nanocomposites is related to their high interphase, the volume effect of which increases with the reduction of nanofiller particle size. Nanofillers have the potential to develop strong interfacial interactions between the structure of the base polymer material and nanoparticles due to their very large specific surface area. This effect is more noticeable when the size of the nanoparticles is smaller. Interphase can cause a change in the chemical composition, at the same time affecting the mobility of the polymer chain, the degree of hardening, or the crystallinity of the resin [20].



The properties of the nanocomposite, its structure, and morphology are influenced by the components (base polymer material and nanofiller), as well as the method and procedure of its manufacture. Any inhomogeneities resulting from the imperfect mixing of the nanofiller with the base, the ingress of contaminants or water, and the occurrence of internal defects, e.g., gaseous inclusions, may lead to distortion of the measurement results and misinterpretation of changes in dielectric properties caused by the presence of nanofillers in the composite structure [13,17,19,21].



Epoxy resins are often used as the base material of nanocomposites, which due to their good mechanical and electrical strength parameters, as well as the ease of forming the required shape, are commonly used in the production of many electrical devices. Resins are one of the most versatile insulating materials used in insulators, spacers, bushings, current transformers (CT), voltage transformers (VT), generators, motors, PCBs, and others [4,22,23,24,25].



One of the most commonly used nanofillers are nanoparticles of oxide compounds, such as Al2O3, TiO2, and SiO2. They are indicated as one of the most advantageous admixtures due to their excellent mechanical properties (stiffness, strength, and hardness), chemical inertness (resistance to oxidation and corrosion processes), thermal stability at very high temperatures, and relatively low cost compared to other nanofillers, e.g., carbon nanotubes [1,22,26,27,28].



This paper presents the results of research on nanocomposite samples made based on epoxy resin modified with nano-particles of aluminum oxide (Al2O3), with two different sizes of nanofiller (13 nm and 50 nm). Alumina is relatively often used as a nanofiller also in the research work of other teams, which focused on the analysis of the dielectric properties of such composites and their applications [29,30,31,32,33,34,35,36,37,38]. The program of the described research is partly related to the previously published research [39], but it also provides for the influence of thermal processing (pre- and post-curing) on the stabilization of the dielectric properties of epoxy-based nanocomposites. The purpose of this study is to fill a certain gap in this area.



After the manufacture of nanocomposite specimens, they were subjected to pre-curing, curing, and post-curing processes in three consecutive thermal test cycles. Each cycle was run for 8 h at stabilized temperatures (60 °C, 130 °C, or 180 °C). Then, in each cycle, the composite samples were cooled to ambient temperature (23 °C), and then the dielectric constant and the dielectric loss factor were measured in a wide frequency range. In this way, it was monitored how the gradually progressing cross-linking process of the base epoxy resin affects the dielectric parameters of the nanocomposite samples. The comparison of the results makes it possible to evaluate the character of observed changes after each thermal curing cycle.




2. Experiment Description


2.1. Materials for Tested Samples


The research concerned samples of nanocomposite materials based on epoxy resin and alumina nanofillers with two different sizes of nanoparticles, which were added to the resin with a controlled weight percentage (wt%). The Epoxylite® 235SG resin (supplied by Elantas) [40] was used as a base material for the production of specimens. It is an epoxy resin based on diglycidyl ether of bisphenol-A (DGEBA) as a main component cured with an aliphatic amine-based hardener. These types of resins have been widely used in the electrical industry for many decades; therefore, their properties have been thoroughly studied [41,42,43,44,45,46]. The product is intended for use in electrical insulating systems with maximum temperature ratings of class H (180 °C). According to the information provided by the manufacturer, the main applications of this resin are trickle impregnation and sealing of rotor and stator windings. The high chemical resistance of this resin ensures long-term operation in all hermetic applications [40].



Aluminum oxide Al2O3 nanopowders supplied by Sigma-Aldrich were used as fillers [47,48]. Alumina is a widely available metal oxide that has been used for a long time in various industrial applications, and almost from the beginning of research on nanodielectrics as a nanofiller in polymer composites [36,37,38]. For comprehensive, nanoparticle size-dependent analysis, the test samples were prepared using two nanopowders with significantly different average sizes of <50 nm and 13 nm. For the epoxy resin used to make the specimens and for both average particle sizes, the parameters characteristic for the produced nanocomposites were estimated, assuming that nanofiller particles are homogeneously arranged in a whole specimen volume as a simple cubic lattice:



(1) Inter-particle distance D, defined as the smallest distance between evenly distributed nanofiller particles [49,50]:


  D = 〈    {   π 6   (     ρ n     ρ m     )    100 %   w t %    [  1 −   w t %   100    (  1 −    ρ m     ρ n     )   ]   }     1 3    − 1 〉 d  



(1)







(2) Relative distance (RD), which we define as the ratio of the inter-particle distance D to the average size of the nanoparticle d:


  R D = D / d  



(2)







(3) Filler surface area (FSA) [48,49]:


  F S A =   π  d 2       (  D + d  )   3    = π    (   d  D + d    )   2   1  D + d    



(3)




where:



d—nanofiller particle average diameter [m];



D—inter-particle distance [m];



FSA—nanofiller surface area per unit volume [m2/m3];



ρn—specific density for nanofiller [kg/m3];



ρm—specific density for polymer matrix [kg/m3];



Epoxylite 235SG (resin + hardener): ρm = 1.13 g/cm3;



Alumina Al2O3 nanopowder: ρn = 4.000 g/cm3.



Estimation results of the above-mentioned parameters for the tested composite materials are presented in Table 1.



Both the inter-particle distance D and the FSA of the filler nanoparticles depend on the value of wt% and the nanoparticle average diameter d. For a higher value of wt%, the distance D is smaller and the value of FSA is greater. For a smaller nanoparticle size, the distance D decreases while the FSA increases. It should be noted that the relative distance of the nanoparticles (described by RD parameter) is dependent on wt%, but independent of their average diameter d, i.e., it is the same for different sizes of nanoparticles. This parameter depends only on the values of wt%, ρm, and ρn.




2.2. Preparation of Samples


The method of preparation and pre-treatment of used components as well as the sample preparation procedure has a major impact on the subsequent properties of the obtained nanocomposites. Many factors can affect the specimen formation process. The key issue is the correct dispersion of the nanofiller particles in the base material and the appropriate low level of moisture of the individual components. The samples were manufactured by the direct mixing method [35], based on procedures described in the literature [21,23,26,27] and practical laboratory experience.



The procedure for the manufacturing of material samples in laboratory conditions was carried out in several stages, with a strict, repeatable time and temperature regime. First, the nanofiller was dried with a moisture analyzer. Each admixture was dried at 160 °C for a time sufficient to achieve a stable weight of the nanopowder, indicating that its water content was removed. Then, the proper weight proportions of individual reagents (epoxy resin, hardener, nanofiller) were determined.



The next step was to mix the ingredients. A mechanical mixer was used for this purpose. Duration and intensity of mixing depended on the consistency of the mix at different wt% of added nanofiller. Due to the gelation time of the Epoxylite 235SG resin declared by the manufacturer (35 min) [40], resin and nanofiller were mixed first. After the hardener had been added, mixing was continued for a few more minutes before proceeding to the next sample manufacturing operation.



Degassing the epoxy resin with a nanofiller to remove gaseous inclusions is an essential and demanding step for the proper preparation of the sample. Possible gaseous inclusions can influence the dielectric parameters of the nanocomposite, reduce the dielectric strength, and be the source of partial discharges. The degassing process of the epoxy nano-mixture prepared for the production of test samples was carried out in a vacuum chamber with a controlled pressure of 50 hPa. Dosing of the prepared, liquid mixture into the molds was also carried out under vacuum conditions. After pouring, the specimens were allowed to pre-cure at a pressure of about 500 hPa and a temperature of 30 °C for 24 h. The finished, solidified specimens were stored in a dry, dark place at ambient temperature (21 °C to 23 °C).



For the described tests, nine specified sets of samples with dimensions of 100 mm × 100 mm × 1 mm were made, no fewer than three samples in each set. The size of the specimens was fitted to the size of the measuring three-electrode air capacitor used in the measuring stand. The summary of all the specimens’ sets is presented in Table 2.




2.3. Experimental Setup and Measuring Instruments


One of the universal research methods used to study the parameters of insulating materials is broadband dielectric spectroscopy, BDS [51,52]. This method enables obtaining a range of detailed dielectric information about the tested material. The basic parameters that can be obtained are the spectra of the dielectric constant εr and the dielectric loss factor tanδ. These dielectric parameters of the tested materials are calculated based on the results of impedance measurements, taking into account the individual geometric dimensions of the tested samples [51].



The measuring stand was equipped with a supervising computer, a Solartron 1260A Impedance/Gain-Phase Analyzer (high-precision frequency response analyzer, FRA) [53] with a Solartron 1296A Dielectric Interface [54], and a solid dielectric sample holder (adjustable, three-electrode air capacitor with a dial micrometer, for precise determination of the tested specimen thickness), see Figure 1a.



Sample holder used for broadband measurements has two disk electrodes, “High” (voltage electrode) and “Low” (current electrode), which are guarded by a ring electrode (Figure 1b), as recommended by IEC 62631-2-1 [55] and ASTM D150-18 [56]. All electrodes are made of stainless steel. The configuration and geometry of the three-electrode system, in which the solid dielectric sample is placed, allow to: (1) eliminate the influence of stray capacitance and surface current on the value of measured parameters and (2) reduce the undesirable edge effect, disturbing the uniform distribution of the electric field in the sample near the edge of the current electrode.



The joint use of these specialized measuring instruments allows the characteristics collection of the dielectric constant and the dielectric loss factor of the tested material samples over a wide frequency range, with very high accuracy. For this purpose, the dielectric parameters of the tested materials were calculated based on the impedance measurement results of the three-electrode capacitor (the real and imaginary parts of complex relative permittivity were determined for each frequency). In the calculations for a particular tested sample, its individual geometric dimensions were taken into account.




2.4. Experiment Procedure


The research procedure was aimed at determining the effect of gradual temperature curing of nanocomposite samples on the broadband characteristics of the dielectric constant and the dielectric loss factor. Every specimen set was tested in four consecutive cycles. For the first time, sample parameters were tested after their manufacture, when they were not exposed to a temperature other than the ambient one. Then, they were measured after pre-curing for 8 h at 60 °C in a vacuum oven. Next, two series of similar measurements were carried out after 8 h of thermal curing at 130 °C and post-curing at 180 °C, respectively. The temperatures were selected following the datasheet of the epoxy resin used. Class H insulation material’s maximum allowed a hotspot temperature of 180 °C [57]. The measurements of the dielectric constant εr and dielectric loss factor tanδ were performed at low voltage AC signal (2.0 V) in the wide frequency range, covering eight decades, from 10−3 Hz to 105 Hz. They were performed at the end of each curing cycle after the samples had cooled down and thermally stabilized at an ambient temperature of 23 °C. Acquired data were averaged for individual specimen sets and then analyzed and visualized as broadband dielectric parameter characteristics using the Matlab® software package (The MathWorks, Inc.). To ensure the possibility of comparing the characteristics of the analyzed dielectric parameters, all tested samples were visualized on the same scale, in the same range of values.





3. Results of Dielectric Parameters Measurement


The results of broadband measurements of the dielectric constant εr and the dielectric loss factor tanδ of specimens from neat epoxy resin (without nanofillers) constituted the basic reference for the tests performed for the series of samples with Al2O3 nanofiller. They are summarized for all sample curing temperatures in Figure 2.



The results of dielectric constant measurements for composite samples (with nanofillers) were summarized in two groups, each of which was visualized in relation to one of two parameters, wt% or curing cycle temperature. Figure 3 and Figure 4 present the characteristics of εr(f) parameterized against wt% for the measurements made on new specimens and after subsequent cycles of their thermal curing, for the 13 nm and 50 nm Al2O3 nanofiller, respectively. In turn, Figure 5 and Figure 6 show the same characteristics but are parameterized with respect to the temperature of the thermal curing cycle for measurements made on specimens with different wt%, for the Al2O3 nanofiller 13 nm and 50 nm, respectively. The method of presenting the data allows for detailed comparative analysis in both parameterized groups.



The results of the dielectric loss factor tanδ(f) measurements for composite samples (with nanofillers) were also summarized in two groups, each visualized in relation to a different parameter. Figure 7 and Figure 8 present the characteristics of tanδ(f) parameterized against wt% for the measurements made on new specimens and after subsequent cycles of their thermal curing, for the 13 nm and <50 nm Al2O3 nanofiller respectively. Next, Figure 9 and Figure 10 show the same characteristics but are parameterized with respect to the temperature of the thermal curing cycle for measurements made on specimens with different wt% for the Al2O3 nanofiller 13 nm or <50 nm, respectively.




4. Discussion


In each of the analyzed cases, for epoxy resin samples without and with a nanofiller, the value of the dielectric constant εr decreased with increasing frequency. The measurement results for neat resin samples without nanofiller (Figure 2a) indicate that the pre-curing of the virgin sample at 60 °C and subsequent curing and post-curing cycles at higher temperatures slightly lower the dielectric constant values over the entire range of the analyzed frequencies [46]. These changes are more pronounced for frequencies above 400 Hz. At the same time, broadband characteristics of the dielectric loss factor indicate that for gradually cured samples, its values for the range of higher frequencies (above 1 Hz) increase. There is also a visible shift of the transition band of high-frequency losses to the left, towards lower frequencies. Differences in the value of losses for frequencies below 1 Hz are not so significant. Curing effects are greatest after the first curing cycle at 60 °C and are almost negligible after subsequent cycles (both characteristics after curing at 130 °C and 180 °C are almost identical). Such effects result from thermally accelerated cross-linking processes of the epoxy matrix, which affect the lower availability and mobility of reactive groups. At this stage, the rate of curing is not determined by the kinetics of chemical reactions, but rather by the rate of diffusion, which decreases [58]. The peak of dielectric losses at higher observed frequencies is related to the β-relaxation process [59,60], which is linked to the mobility of polymer side chains [60,61]. The first cycle of epoxy resin curing (at 60 °C) shifts this peak to the left, which means that in the higher range of frequencies (for f > 1 Hz), there is an increase in dielectric losses. Subsequent hardening cycles do not cause further significant changes in the characteristics of tanδ (f). The results obtained for the neat resin are used as the basic reference for all other analyzed cases.



In the case of polymers, their dielectric parameters largely depend on the number of orientable dipoles present in the system and their ability to orient under the external electric field of a certain frequency. At lower frequencies, more dipoles can reorient themselves quickly enough in the epoxy resin structure, resulting in a higher dielectric constant. At a higher frequency, there will be fewer such dipoles, leading to a decrease in this quantity. For samples cured at 130 °C and 180 °C, the plots of the dielectric constant flatten below 1 Hz, indicating that further lowering the frequency only slightly increases the number of dipoles involved in the accumulation of electric charge. This effect occurs both in neat epoxy resin and nanocomposite samples [33,62,63].



The broadband characteristics obtained for the measurement results of resin samples modified with a different wt% content of nano-alumina allow us to determine noticeable changes in dielectric parameters caused by the presence of nanofiller. Figure 3, Figure 4, Figure 5 and Figure 6 show the broadband characteristics of the dielectric constant. The use of nanofillers results in lower dielectric constant values than neat resin over the entire frequency range for any nanofiller content (0.5 wt% to 5.0 wt%), except for samples with 5.0 wt% before curing. The most significant is the reduction of the dielectric constant for the samples with 0.5 wt% of nanofiller (Figure 3 and Figure 4). This effect occurs for both sizes of nanoparticles, but the decrease in the value for the εr(f) characteristic is greater for the 13 nm nanofiller. The presence of nanofiller particles in the cross-linked long-chain molecular structure of epoxy resin causes the occurrence of two independent processes with an opposite effect on the phenomenon of accumulation of electric charges in the dielectric:




	
Reducing the ability of the base structure of the nanocomposite (epoxy resin polymer matrix) to accumulate charges [29,33];



	
The accumulation of additional charges caused by the presence of the interphase of nanoparticles and as a result of the occurrence of Maxwell–Wagner–Sillars polarization [64,65] in the two- or multi-phase structure of the nanocomposite.








The mechanism of decreasing the dielectric constant value of the nanocomposite is related to the reduction of the mobility of polymer chains in the presence of filler nanoparticles dispersed in the base polymer. As a result of the interaction of the polymer with the nanoparticle, on the surface of which the interfacial nano-layer is formed, a strong bond of polymer chains with the surface of the particle is formed [33,66]. If this phenomenon affects all or most of the nanoparticles filling the polymer matrix, it can be assumed that the mobility of the polymer segments or chains interacting with nanoparticles will be partially blocked or limited to some extent [29]. These immobile polymer chains reduce polarization in the epoxy, thus leading to the reduction in the dielectric constant value. The effect is more significant for 13 nm nanoparticles for which the inter-particle distance is several times smaller than for nanoparticles with an average size of 50 nm (Table 1). As a result, there are over 50 times more of these smaller nanoparticles in the same volume of the nanocomposite compared to the second case. For wt% greater than 0.5%, the increasing content of nanofiller (for both sizes of Al2O3 nanoparticles used in the research) causes a corresponding gradual increase in the dielectric constant value. Such effects have already been observed and described in other studies [25,29,30,31]. This phenomenon occurs most likely as a result of the decreasing intermolecular distance and the overlapping of interphases. Then, the properties of the composite are more influenced by the nanofiller itself and its permittivity [25,33].



The influence of the Al2O3 nanoparticle size, the wt% value, and the curing temperature on the εr(f) characteristics are noticeable in the results presented in Figure 11. For the nanocomposite before curing (Figure 11a), at 0.5 wt% of the nanofiller content, there is a greater decrease in the relative permittivity in the entire analyzed frequency range for nanoparticles of smaller size. The inverse effect of nanoparticle size on permittivity can be observed for ten times higher nanofiller content weight (5.0 wt%). A greater increase in permittivity then occurs also for Al2O3 nanoparticles with a size of 13 nm. Gradual curing, at increasingly higher temperatures up to 180 °C (Figure 11b–d), affects both of these opposite effects, but more the effect of increasing the permittivity for the 5.0 wt% content of nanofillers. After curing, the εr(f) characteristics for 5% of the content of 13 nm Al2O3 particles are almost identical to those for neat epoxy resin, and for 50 nm Al2O3 particles, it is slightly below the characteristics for neat resin.



The results of the described experiments show that the thermosetting of the epoxy structure (and thus, its stiffening), which is in strong interaction with the nanoparticles of the Al2O3 filler, also reduces to some extent the additional charge accumulated as a result of the presence of nanoparticles in this structure. This means that the net permittivity of the nanocomposite is the result of mutual, complex interactions of the polymer base structure of the epoxy resin and the Al2O3 nanoparticles dispersed in it.



The broadband characteristics of the epoxy-alumina nanocomposite dielectric loss factor (Figure 7, Figure 8, Figure 9, Figure 10 and Figure 12), in which there is an effect of the Al2O3 nanoparticle interphase, are related to the nanoparticle–epoxy matrix interaction and relaxation with extra polarization losses caused by additional polar groups [67]. The electrical conductivity of a nanocomposite is also the parameter that modified the dielectric loss factor, especially in the low-frequency region. It depends on the frequency, the relaxation time of the charge carriers, and the number of charge carriers available in the material. The addition of the Al2O3 nanoparticles to the polymer matrix increases the charge carriers in the system, so an increase in the dielectric loss factor in the low-frequency range can be expected with an increase in the nanofiller content [31]. Higher wt% loading of nanofiller causes a visible increase in dielectric loss factor in the lower frequency range (below 10 Hz) of the new and the pre-cured nanocomposite (Figure 7 and Figure 8). The losses in this frequency range are influenced also by mentioned interface polarization processes related to the presence of the nanofiller interphase. Thermosetting processes strongly affect the broadband characteristics of the dielectric loss factor. Curing the samples at the highest temperatures used in the experiment significantly reduces these losses for the low-frequency range (<100 Hz). This effect is noticeable for nanocomposite samples with both dimensions of the nanofiller particles (Figure 9 and Figure 10), especially for the nanofiller content of 0.5 wt%.



In general, it can be stated that curing at gradually higher temperatures causes a decrease in the dielectric constant for all tested nanocomposite samples in the full range of analyzed frequencies (Figure 5 and Figure 6). On the other hand, changes in the dielectric loss factor observed during the curing process of each of the tested samples are non-monotonic. In the low-frequency range, in the successive stages of curing, there was an increase, then a decrease, and again an increase in dielectric loss values (Figure 9 and Figure 10). Similar effect was observed for the imaginary component of the permittivity ε” during isothermal curing of an epoxy-amine system at 140 °C [62]. These results indicate the complexity of the effects of the curing process in the nanocomposite structure, affecting the dielectric parameters.




5. Conclusions


(1) The laboratory experiment investigated the influence of gradual temperature curing on broadband characteristics of nanocomposite samples’ dielectric properties (dielectric constant and dielectric loss factor). Changing the content of the Al2O3 nanofiller in applied Class H epoxy resin modifies the characteristics of both analyzed dielectric parameters. The dielectric constant value of the nanocomposite decreases or increases in the full range of the tested frequencies, depending on the nanofiller content (wt%). Changing the content of Al2O3 nanoparticles also modifies the dielectric loss factor characteristics, causing their shifts and increasing or decreasing in some frequency ranges. Such effects are the result of a complex interaction of nanoparticles with the base polymer chains. For all tested samples cured at 130 °C (and post-cured at 180 °C), the differences in the dielectric loss factor characteristics for frequencies greater than 100 Hz are low. For frequencies < 100 Hz, there are prominent differences in characteristics related to the nanoparticle size and the wt% loading.



(2) The conducted research shows that the analyzed parameters of the tested samples strongly depend on the stage of the applied curing procedure, i.e., on the degree of cross-linking of the nanocomposite structure. The final broadband characteristics are the effect of the entire curing process, and this observation applies to dielectric constant as well as dielectric loss factor characteristics. The impact of curing on parameters is more significant for samples modified with nanofillers than for neat epoxy resin samples. Pre-curing at 60 °C is insufficient for the ultimate stabilization of broadband characteristics. The research results indicate that such stabilization is possible after curing and post-curing at higher temperatures (130 °C and 180 °C).



(3) The size of the Al2O3 nanoparticles influences the changes in the characteristics of the dielectric parameters. The processes affecting the dielectric constant and the dielectric loss factor values are related to the presence of the nanoparticles. They are more effective for nanoparticles with a smaller size (i.e., with a larger specific surface area and a larger number of nanoparticles in the volume for a given wt%). This effect is visible in the test results for both lower (0.5 wt% and 1.0 wt%) and higher (3.0 wt% and 5.0 wt%) nanofiller content.



(4) At low nanofiller content (0.5 wt%) for both nanoparticle sizes, the samples after curing at 130 °C and 180 °C were characterized by noticeably lower dielectric constant and dielectric loss factor values than for neat resin, for the frequencies below 100 Hz. This effect can have application in the thermoset insulation systems design for electrical equipment operating with AC voltage (50 Hz/60 Hz).
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Figure 1. Broadband dielectric characteristics measurement setup: (a) test stand with Solartron 1260A Frequency Response Analyzer [53], Solartron 1296A Dielectric Interface [54] and solid dielectric sample holder, adjustable three-electrode capacitor; (b) configuration of disk electrodes with guard-ring in the sample holder, as recommended in [55,56] for solid dielectric samples. 
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Figure 2. Broadband characteristics of dielectric constant εr(f) (a) and dielectric loss factor tanδ(f) (b) for neat epoxy specimens before and after subsequent thermal curing cycles. 
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Figure 3. Broadband dielectric constant εr(f) characteristics for samples with Al2O3, with particles of 13 nm: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 
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Figure 4. Broadband dielectric constant εr(f) characteristics for samples with Al2O3, with particles of 50 nm: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 
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Figure 5. Broadband dielectric constant εr(f) characteristics for samples with Al2O3, with particles of 13 nm and different wt% loadings: (a) 0.5%, (b) 1%, (c) 3%, (d) 5%. 
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Figure 6. Broadband dielectric constant εr(f) characteristics for samples with Al2O3, with particles of 50 nm and different wt% loadings: (a) 0.5%, (b) 1%, (c) 3%, (d) 5%. 
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Figure 7. Broadband dielectric loss factor tanδ(f) characteristics for samples with Al2O3, with particles of 13 nm: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 
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Figure 8. Broadband dielectric loss factor tanδ(f) characteristics for samples with Al2O3, with particles of 50 nm: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 
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Figure 9. Broadband dielectric loss factor tanδ(f) characteristics for samples with Al2O3, with particles 13 nm and different wt% loadings: (a) 0.5%, (b) 1%, (c) 3%, (d) 5%. 
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Figure 10. Broadband dielectric loss factor tanδ(f) characteristics for samples with Al2O3, with particles of 50 nm and different wt%: (a) 0.5%, (b) 1%, (c) 3%, (d) 5%. 
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Figure 11. Selected curing temperature-dependent broadband characteristics of the dielectric constant for Al2O3 nanoparticles with an average size of 13 nm and <50 nm, for two limit values of wt% used during the tests, 0.5% and 5.0%: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 






Figure 11. Selected curing temperature-dependent broadband characteristics of the dielectric constant for Al2O3 nanoparticles with an average size of 13 nm and <50 nm, for two limit values of wt% used during the tests, 0.5% and 5.0%: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C.



[image: Energies 16 02091 g011a][image: Energies 16 02091 g011b]







[image: Energies 16 02091 g012 550] 





Figure 12. Selected curing temperature-dependent broadband characteristics of the dielectric losses for Al2O3 nanoparticles with an average size of 13 nm and <50 nm, for two limit values of wt% used during the tests, 0.5% and 5.0%: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C. 






Figure 12. Selected curing temperature-dependent broadband characteristics of the dielectric losses for Al2O3 nanoparticles with an average size of 13 nm and <50 nm, for two limit values of wt% used during the tests, 0.5% and 5.0%: (a) new, before curing, (b) after thermal curing at 60 °C, (c) after thermal curing at 130 °C, (d) after thermal curing at 180 °C.



[image: Energies 16 02091 g012]







[image: Table] 





Table 1. Selected parameters describing tested composite materials.
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Filler Content wt%

(%)

	
Inter-Particle Distance (nm)

	
Relative Distance

(1)

	
FSA

(km2/m3)






	
Al2O3

nanoparticle dimension 13 nm




	
0.5

	
80.3

	
6.17

	
0.654




	
1

	
60.9

	
4.69

	
1.313




	
3

	
38.0

	
2.92

	
3.998




	
5

	
29.8

	
2.29

	
6.762




	
Al2O3

nanoparticle dimension <50 nm




	
0.5

	
<308.7

	
6.17

	
>0.170




	
1

	
<234.4

	
4.69

	
>0.341




	
3

	
<146.2

	
2.92

	
>1.039




	
5

	
<114.7

	
2.29

	
>1.758
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Table 2. Individual sets of the tested epoxy/alumina specimens.
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	Specimens Set No.
	Nanoparticle Size
	Specimen Composition





	1
	-
	Neat epoxy resin



	2
	13 nm
	epoxy resin + 0.5% Al2O3 (wt)



	3
	13 nm
	epoxy resin + 1.0% Al2O3 (wt)



	4
	13 nm
	epoxy resin + 3.0% Al2O3 (wt)



	5
	13 nm
	epoxy resin + 5.0% Al2O3 (wt)



	6
	50 nm
	epoxy resin + 0.5% Al2O3 (wt)



	7
	50 nm
	epoxy resin + 1.0% Al2O3 (wt)



	8
	50 nm
	epoxy resin + 3.0% Al2O3 (wt)



	9
	50 nm
	epoxy resin + 5.0% Al2O3 (wt)
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