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Abstract


The dielectric strength and gel time of epoxy composites vary with the mixing ratio of epoxy resin, hardener, additives, filler, etc., and especially the gel time affects the productivity and economics of ultra-high-voltage (UHV) equipment. However, previous studies focused only on the dielectric strength of epoxy composites for the reliability of UHV equipment. Therefore, a study considering both the dielectric strength and gel time of the epoxy composite is required. In this paper, the characteristics of the gel time and dielectric strength of the epoxy micro-composites according to the mixing ratio of silica (SiO2) and alumina (Al2O3) micro-fillers without changing the mixing ratio of epoxy resin and hardener are analyzed. Experimental results show that the gel time decreased and the dielectric strength increased as the mixing ratio of the SiO2 micro-filler increased. Therefore, it is concluded that the gel time can be controlled by changing the mixing ratio of micro-fillers without changing the mixing ratio of the epoxy resin and hardener. In addition, experimental data can be used as basic data for economical production considering both the reliability and productivity of UHV power equipment.
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1. Introduction


Sulfur hexaflouride (SF6) has a global warming potential (GWP) that is 22,800 times higher than carbon dioxide among the six greenhouse gases regulated by the Kyoto protocol [1]. Therefore, in order to regulate and reduce the use of SF6 applied as an insulating material in ultra-high-voltage (UHV) power equipment, eco-friendly insulating gases and solid insulating materials are being discussed as alternatives to SF6 [2,3]. Recently developed fluorine-based gas has a lower GWP and similar dielectric strength to SF6 gas, so it is attracting attention as an insulating gas to replace SF6 gas. However, problems such as high liquefaction temperature, toxicity and reliability have not been solved yet. Therefore, studies on solid insulating materials that are relatively safe and reliable compared to fluorine-based gases are being actively conducted [4,5].



Epoxy resins which are used as solid insulating materials have excellent electrical and chemical properties such as withstand voltage, adhesive strength, wear resistance and water resistance [6,7,8]. However, pure epoxy resins are not suitable for use as solid insulating materials in UHV power equipment, since they cannot be made into large moldings due to inadequate mechanical and thermal properties. In addition, when the temperature inside the epoxy increases due to the exothermic reaction generated in the curing process of the epoxy resin, the reaction rate that affects the cross-linking mechanism and internal mechanical stress is changed, which causes internal cavities and surface deformation [9]. Therefore, in order to improve the insufficient mechanical and thermal properties of epoxy resin, research on epoxy composites is being conducted to improve tensile strength, compression, coefficient of thermal expansion, glass transition temperature, etc., by polymerizing, dispersing rubber or adding inorganic micro-fillers [10,11,12,13,14,15].



Epoxy composites are insulating materials that improve physical and chemical performance by mixing two or more materials with pure epoxy. Epoxy composites as insulating materials are generally focused on maximizing the advantages of epoxy and overcoming the disadvantages by adding inorganic fillers. However, by controlling the ratio of epoxy resin, hardener and additive during the manufacture of epoxy composites, glass transition temperature, gel time, tensile strength, etc., can be changed. These variations may, over time, cause eventual degradation in the performance of the epoxy composite [16,17,18,19]. Gel time is the time to harden from the liquid state to the solid state by heating the semi-cured epoxy resin, and gel time affects the production cost and productivity of UHV power equipment. The glass transition temperature (Tg) is the temperature at which the properties of the material change from glassy phase to rubbery phase as the temperature is increased, and this affects the mechanical properties of epoxy composites. Therefore, when the gel time is shortened and the Tg is decreased, the production cost increases and the productivity, mechanical properties and thermal properties decrease. Consequently, there is a need for a technology that can control the productivity without damaging the high mechanical, thermal and dielectric properties of the epoxy composite. However, most of the recent research has focused on improving the performance of epoxy and has not considered the gel time for the economical production of epoxy insulation to be used in UHV power equipment.



In this paper, in order to allow epoxy molding of UHV power equipment to be more efficient, an investigation of the variation in gel time by changing the mix ratio and blend of micro-fillers without changing the amount of epoxy resin and hardener is undertaken. Five epoxy composites were fabricated by varying the mix ratio of alumina (Al2O3) and silica (SiO2) micro-filler, as these are commonly used in manufacturing epoxy composites for use in HV equipment [20]. In addition to measuring the gel time, in order to ensure the dielectric and thermal characteristics of the resulting materials were suitable for the reliability and productivity of UHV power equipment, the relative permittivity, dielectric loss tangent and glass transition temperatures were measured. Finally, a scale parameter of 63.2% of the probability of dielectric breakdown for each specimen was provided through the AC/LI dielectric breakdown test.




2. Composition of Epoxy Composites


For use as solid insulation in UHV power equipment, epoxy composite materials should have high heat resistance and dielectric strength. Therefore, the additional material is to be included with the epoxy resin and hardener must provide these functions. Consequently, in this paper, epoxy micro-composites were prepared by adding two micro-fillers to determine their effect on performance. The epoxy resin, hardener and micro-fillers are discussed below.



2.1. Epoxy Resin Composition


The epoxy resin is comprised of epoxy resin, a diluent and a coupling agent as a matrix material of an epoxy micro-composite. In this case, the content of the epoxy resin composition is preferably 10 to 30 wt% based on 100 wt% by weight of the total molding composition. When the content of the epoxy resin composition is less than 10 wt%, the viscosity is too high for molding. Further, when it exceeds 30 wt%, the coefficient of linear expansion is too high to reduce the dimensional stability so that it cannot be used as a material for a UHV power equipment parts. Therefore, bisphenol A epoxy resin and bisphenol F (Kukdo Chemical Co., Ltd., Seoul, Korea) were used for the epoxy resin of the epoxy resin composition. Moreover, according to the proposal based on the manufacturing process guidelines of Kukdo Chemical Co., Ltd., an epoxy insulator manufacturer, the weight percent of bisphenol A and bisphenol F was selected as 11 and 82 wt%, respectively. Polypropylene glycol and epoxy silane (Hitachi chemical co., Ltd., Tokyo, Japan) were used as the diluent and coupling agent. The weight percent of polypropylene glycol and epoxy silane of the epoxy resin composition was 6 and 2 wt%, respectively.




2.2. Hardener Composition


The hardener is composed of a hardener, additive and catalyst, which reacts with the epoxy resin composition to cure the epoxy from a two-dimensional linear structure to a three-dimensional network structure to determine the properties of the epoxy micro-composite. In this case, the content of the hardener composition is preferably 10 to 30 wt% based on 100 wt% of the total molding composition, such as an epoxy resin composition. Therefore, according to the proposal based on the manufacturing process guidelines of Kukdo Chemical Co., Ltd., an epoxy insulator manufacturer, methyltetrahydrophthalic anhydride (MeTHPA) with 78 wt%, tetrahydr ophthalic anhydride (THPA) (Kukdo Chemical Co., Ltd., Seoul, Korea) with 20 wt% and amine-based or imidazole-based (ShinEtus Co., Ltd., Tokyo, Japan) with 2 wt% were used as the hardener, additive and catalyst, respectively.




2.3. Micro-Fillers


As stated above, micro-fillers can improve physical and chemical properties such as mechanical strength, dimensional stability, thermal expansion coefficient, glass transition temperature and aging characteristics of the epoxy micro-composite. In addition, the gel time of the epoxy micro-composite can be controlled by changing the mixing ratio of the fillers. Therefore, since the electrical, chemical and physical properties of the epoxy micro-composite change depending on the mixing ratio and type of micro-filler, it is very important to determine the mixing ratio and type of micro-fillers according to the characteristics of the HV power device to be manufactured.



As outlined above, the inorganic micro-fillers used in this work are SiO2 (M10, Sibelco Asia, Nonsan, Korea) and Al2O3 (AS-C20, SHOWA DENKO, Tokyo, Japan) [21,22,23]. Al2O3 micro-filler, also referred to as aluminum oxide, has a thermal conductivity of 38 W/m·K, which is very high compared to the value for SiO2 of 3 W/m·K, so has an advantage over the low thermal conductivity of SiO2 [10]. However, as Al2O3 has a higher specific gravity than SiO2, it precipitates more readily in an epoxy resin and this can lead to greater density of particles at the lower sections of a molded component and variation in thermal performance through the component. As Al2O3 has a higher specific gravity than SiO2, for the same weight Al2O3 will have fewer particles and take up less volume than the equivalent in SiO2, i.e., it will affect the overall volume of the product. The Al2O3 micro-filler used in this work has an average particle diameter of 23 μm and contains impurities such as Fe2O3, SiO2 and Na2O, but the level of impurities should be lower than 3 wt% [21,22].



As stated in the previous paragraph, SiO2 micro-filler, also referred to as silicon oxide, has a larger number of particles than Al2O3 at the same weight due to their low specific gravity. SiO2 has a hydroxy group (-OH group) on the particle surface which gives rise to the possibility of hydrogen bonding developing into covalent bonding with the epoxy resin in the final component [12,24]. SiO2 micro-filler has an average particle diameter of 20 μm and contains impurities such as Fe2O3, Al2O3, TiO2, K2O and CaO, but impurities other than SiO2 should be lower than 1 wt% [23]. The SiO2 micro-filler used in this work has a prismatic shape with a surface area of over 350 m2/kg and a density of 2000–3000 kg/m3. When the micro-filler content is less than 60 wt%, the coefficient of linear expansion is too high which reduces the dimensional stability. When it exceeds 75 wt%, the viscosity is too high and it is not possible to mold a component successfully, so that it is not proper material for UHV power equipment. In the composite produced for this work, the total content of Al2O3 micro-filler and SiO2 micro-filler was 65.48 wt% based on 100 wt% of the total molding composition.



To allow analysis of changes in the gel time and dielectric strength characteristics of the epoxy composite according to the filler mix ratio of SiO2 and Al2O3, resin composites with five ratios of micro-filler were produced. The mix ratios of SiO2 to Al2O3 selected are shown in Table 1, i.e., 1:0, 3:1, 2:1, 1:1 and 0:1.





3. Fabrication of Epoxy Micro-Composite


Generating the composite material was a multistage process. Section 3.1 describes the production of the base epoxy resin and the combining of that with the appropriate filler, Section 3.2 describes the production of the hardener mix and Section 3.3 describes the production of the final composite. The entire process of Section 3 was performed based on the manufacturing process guideline of Kukdo Chemical Co., Ltd., a manufacturer of epoxy insulators, and all materials involved in the manufacture of epoxy composites are the same as described in Section 2. The detailed description of the procedure is given below.



3.1. Preparation of Epoxy Resin Composition and Combination with Micro-Filler


In order to fabricate the epoxy resin composition, bisphenol A epoxy resin, bisphenol F epoxy resin, a diluent and a coupling agent were added to a reaction vessel (volume: 0.3 m3). In the process used in this work, 11 wt% of bisphenol A epoxy resin, 82 wt% of bisphenol F epoxy resin, 6 wt% of the diluent and 2 wt% of coupling agent is selected. Therefore, 10 kg of bisphenol A epoxy resin, 75 kg of bisphenol F epoxy resin, 5 kg of diluent and 2 kg of coupling agent were added to the reaction vessel, and then the mixture was stirred maintaining the temperature over 353.15 K at atmospheric pressure for 2 h or more. The amount of resin produced was equivalent to 18.6 wt% based on 100 wt% by weight of the epoxy micro-composite. Then, 65.84 wt% of mixed micro-fillers, composed of SiO2 and Al2O3, was added to the reaction vessel containing the epoxy resin and stirred for 1 h or more in a normal temperature atmospheric pressure.




3.2. Preparation of Hardener Composition and Combination with Micro-Filler


To prepare the hardener composition, the hardener, additive and catalyst are combined. The selected hardener composition is MeTHPA hardener, 78 wt%, THPA additive, 20 wt%, and amine and imidazole catalysts, each 1 wt%. Therefore, 80 kg of MeTHPA hardener, 20 kg of THPA additive, 1 kg of amine catalyst and 1 kg of imidazole catalyst were used. Initially, MeTHPA hardener and THPA additive were added to the reaction vessel (volume: 0.3 m3), and then stirred at a temperature of 423.15 K for 3 h, then the temperature was lowered to 373.15 K and the amine and imidazole catalysts were added and stirred for 1 h. This produced an amount of hardener equivalent to 15.56 wt% based on 100 wt% by weight of the epoxy micro-composite. Then, 65.84 wt% of mixed micro-fillers, composed of SiO2 and Al2O3, was added to the reaction vessel, which already contained the hardener composition, and stirred for 1 h or more in a normal temperature atmospheric pressure.




3.3. Manufacturing Process of Epoxy Micro-Composite


To manufacture the epoxy micro-composite specimens, according to the mixing ratio of micro-fillers outlined in Table 1, firstly, the epoxy resin and hardener components, prepared in Section 3.1 and 3.2, respectively, were combined in the appropriate proportions, stirred and mixed at a temperature of 333.15 K. Thereafter, after removing the bubbles in the filled epoxy, through defoaming for 2 h at a pressure of 0.266 bar, the mixture was injected into a square-shaped mold made of copper (area: 100 × 100 mm, thickness: 2 mm). The epoxy composite injected into the mold was first cured for 18 h at a temperature of 353.15 K and, finally, the primary cured mixture was secondarily cured for 12 h at a temperature of 413.15 K to prepare the epoxy micro-composite.



To confirm the completion of polymerization of the epoxy micro-composite, a Fourier transform-infrared spectrometer (FT-IR, FTIR-4100 type A, JASCO, Tokyo, Japan) was used, and the measured results at a wavenumber range of 4000–400 cm−1 and a resolution of 4 cm−1 are shown in Figure 1.



As a result of the measurement, based on the wavenumber characteristics generated during the polymerization of the epoxy resin and hardener [25], the presence of an O-H bond at peak 3600 cm−1, an Al bond at peak 1390 cm−1, an Al-OH bond at peak 1035 cm−1, an Al-O bond at peak 750 cm−1, Si-O at peak 1090 cm−1, Si-OH at peak 950 cm−1 and a Si-O bond at peak 795 cm−1 was confirmed [26,27]. These results mean that the polymerization of the epoxy micro-composite prepared in Section 3 was completed.



The specimens manufactured according to the mixing ratios of SiO2 and Al2O3 micro-filler are shown in Figure 2a. A total of 275 specimens were prepared for dielectric breakdown, Tg measurement, relative permittivity and gel time measurement according to temperature, and as a result of measuring the area and thickness of each specimen, the error rate was less than 1%. The specimen was artificially cut in half to create a fracture surface, and the fracture surface of the specimens measured at 1000x magnification by scanning electron microscope (SEM, SU7000, HITACHI, Tokyo, Japan) is shown in Figure 2b. The composition of each specimen set, i.e., amount of epoxy resin, hardener and micro-filler fractions in the specimens, is shown in Table 1. Each square-shaped specimen has a thickness of 2 mm and an area of 100 × 100 mm.





4. Material Characteristic Evaluation of Epoxy Micro-composite


4.1. Measurement of Gel Time and Glass Transition Temperature


Since the gel time according to the temperature is related to the curing time of the epoxy composite, in order to consider the production cost and productivity of the UHV power equipment, it is required to measure the gel time according to the temperature. Therefore, in order to propose a technology to control productivity without compromising the high mechanical, thermal and dielectric properties of the epoxy composite, gel times were measured at 353.15, 393.15 and 413.15 K of temperature for each specimen.



Gel time was measured using a Gelnorm gel timer (Geltimer Gt-SP, Gel instrument AG, Thalwil, Switzerland), and the measurement method was as follows. First, the temperature for measuring the gel time was set. Then, 10 mg of a mixture (without the weight of the test tube) composed of epoxy resin composition, hardener composition and micro-filler was placed in a test tube, and stirred for 1 min. Finally, after the stopper and the stamper were assembled in a test tube, the time that the storage modulus and the loss modulus coincide was determined as the gel time. After the gel time, the epoxy composite changes from a liquid state to a solid state (three-dimensional network structure).



In order to ensure the consistency of the experimental results, the experiment was conducted 5 times according to each case, and the average values for these are summarized in Table 2. When the temperature was 353.15 K, the gel time of the case 5 specimen was the longest at 27 h 16 min, and when the temperature was 413.15 K, the gel time of the case 1 specimen was the shortest at 37 min.



Based on these results, the following conclusions were drawn. When the mixing ratio of SiO2 is increased, the cross-link reaction of the epoxy composite is accelerated due to the hydrogen bonds strengthened by the -OH group, and eventually the gel time is decreased. In addition, when the curing temperature is increased, the cross-link reaction of the epoxy resin, curing agent and additives is accelerated due to the increased temperature, so the gel time is shortened [12,24].



When the temperature of the UHV power equipment is heated to a temperature of Tg or more, the cross-link density of the solid-state epoxy composite in which the cross-link reaction is completed is weakened, and it changes into a rubbery state such as silicone rubber. Therefore, the electrical, mechanical, thermal and chemical properties of the epoxy micro-composite change, and eventually the dielectric insulation performance of the solid insulation is decreased. Therefore, in order to verify the applicability in UHV power equipment to the case 1 to case 5 specimens, Tg was measured for each specimen. Tg was measured using a differential scanning calorimeter (DSC, DSC 3-, Mettler Toledo, Columbus, USA), and the measurement method was as follows. First, 10 mg of the cut specimen piece was placed in a hermetic aluminum pan and sealed in a DSC cell. Then, the temperature at which a rapid change in heat capacity was observed while changing the temperature at a heating rate of 10 K/min from 317.15 to 473.15 K was selected as Tg. The results of the experiment are as shown in Figure 3 and Table 2, where the Tg of case 5 without SiO2 was the lowest at 353.21 K, and case 1 and case 2 with a large amount of SiO2 added were the highest at 372.75 K.



From the experimental results, the following conclusions were drawn. When the content of SiO2 is increased, hydrogen bonding by -OH groups present on the surface of the SiO2 molecule increases, and eventually the Tg is increased due to the increase in the cross-link density of the epoxy composite [28]. Further, When the gel time measurement temperature is increased, the cross-link reaction of the epoxy resin, hardener and filler is accelerated in the curing process of the epoxy composite, and finally the gel time is shortened.




4.2. Measurement of Relative Permittivity and Dielectric Loss Tangent


The permittivity is the degree to which charge can accumulate in the dielectric when an electric field is applied, and the relative permittivity is a relative ratio of the permittivity of other dielectrics based on the permittivity of the vacuum. The dielectric loss tangent is the dielectric dissipation factor or loss angle due to dielectric loss. At AC voltage, if the dielectric loss tangent of the solid insulator is large, electric power loss due to heat occurs. Further, if the difference between the relative permittivity of the solid insulator and the surrounding material is large, the dielectric strength decreases due to the concentrated electric field. Therefore, in order to provide basic dielectric properties when the epoxy composite is applied as an insulator for HV power equipment, the relative permittivity and dielectric loss tangent were measured for each specimen.



Relative permittivity and dielectric loss tangent were measured using a capacitance and dissipation/power factor test set (Haefely, Basel, Switzerland) and solid test cell (Haefely, Basel, Switzerland). A plate-shaped specimen with an area of 10 × 10 mm and a height of 2 mm was prepared in consideration of the leakage current and surface discharge. Moreover, a pressure of 1 bar was applied to the electrode and the specimen in order to remove air bubbles that may be generated at the interface between the electrode and the specimen during the bonding process of the specimen. The measurement method of relative permittivity and dielectric loss tangent according to the IEC62631-2-1 standard was carried out as follows [29]. First, the applied electric field was set to 1 kV/mm, and the capacitance and resistance of the specimen was measured using the capacitance and dissipation/power factor test set. The relative permittivity (Ꜫr) is derived by applying the specimen capacitance (C), area (A), thickness (d) and permittivity of the vacuum (Ꜫo) to Equation (2) based on Equation (1).


  C =  Q V  = ε  A d  =  ε r   ε o   A d   



(1)






   ε r  =   C d    ε o  A    



(2)







The dielectric loss tangent (tan δ) is obtained by applying the measurement voltage frequency (f), the measured sample capacitance (C) and resistance (R) to Equation (3).


  tan δ = ω  C   R = 2 π f C R  



(3)







The results obtained from the experiments are shown in Table 3.



The relative permittivity of case 5 was the highest at 5.236 and case 1 was the lowest at 4.024. The dielectric loss tangent of case 1 was the highest at 0.027 and case 5 was the lowest at 0.004.



As the content of SiO2 micro-filler decreases, covalent bonding by -OH groups present on the surface of the SiO2 molecule decreases, thereby reducing the interfacial bonding strength at the surface of the epoxy micro-composite [30,31,32]. Therefore, the relative permittivity increased and the dielectric loss tangent decreased as the mixing ratio of the SiO2 in the epoxy micro-composite decreased. These results can be used to design the shape of the insulating material in UHV equipment using the relative permittivity values by providing the characteristic value of the insulating material in AC electric field analysis. Further, the degree of electric power loss can also be predicted using the dielectric loss tangent value.





5. Evaluation of Dielectric Breakdown Characteristic


5.1. Dielectric Breakdown Test System


The block diagram of the circuit for AC dielectric breakdown tests is shown in Figure 4a. As shown, these tests were conducted using a 400 kV/60 Hz AC transformer connected to the test jig. The rate of voltage rise was selected as 1 kV/s, in accordance with the IEC60243-1 standard [33]. For each specimen, the dielectric breakdown tests were conducted five times and the breakdown voltage (BDV) was determined from the median of the test results. When a set of test results contained a value which deviated by more than 15% from the median, five additional tests were performed.



The block diagram of the test circuit for the lightning impulse (LI) dielectric breakdown test is shown in Figure 4b. The LI dielectric breakdown tests were conducted using an LI generator with ±1600 kV, a voltage divider and a test jig. According to the IEC 60060-1 standard [34], the LI voltage is defined as a wave front of 1.2 us ± 30% and a wave tail of 50 us ± 20%. Therefore, for the LI voltage used in the test, LI voltage with a wave front of 1.15 us and a wave tail of 48.2 us was used. In the LI dielectric breakdown tests, the first applied voltage was 70% of the expected dielectric breakdown voltage. The expected dielectric breakdown voltage is the voltage at which insulation breakdown occurs by increasing from 0 to 10 kV. If breakdown did not occur, the applied voltage was increased by 3 kV. This process was repeated until dielectric breakdown occurred. As with the AC breakdown test method, the tests were conducted five times and the BDV was determined from the median of the test results. When the test results deviated by more than 15% from the median, five additional tests were performed.



The structures of the electrode and test jig are shown in Figure 5. The test jig was made from polytetrafluoroethylene (PTFE), and the test jig was placed in a chamber filled with room-temperature mineral oil. The spherical electrodes with a diameter of 2 mm and adjustable rods were made from stainless steel, and the square-shaped specimen has a thickness of 2 mm and an area of 100 × 100 mm according to the IEC 60243-1 standard [33].




5.2. AC/LI Dielectric Breakdown Test Result


In order to analyze the dielectric insulation characteristic of the epoxy composite according to the mixing ratio of the SiO2 and Al2O3 micro-fillers, AC and LI dielectric breakdown tests were performed on the specimens with a thickness of 2 mm manufactured in Section 3. Further, the dielectric strength according to the type of applied voltage was analyzed using a Weibull plot. The Weibull plot of the AC/LI dielectric strength is shown in Figure 6, and the Weibull parameter of the AC/LI dielectric strength is summarized in Table 4. The scale parameter represents the electric field strength at a breakdown probability of 63.2%. The shape parameter is the slope of the Weibull plot and indicates the degree of variance in the data.



From the experimental results, it was noted that both the AC and LI dielectric strength decreased as the amount of SiO2 in the filler mix decreased. As the amount of SiO2 decreased from 100% (case 1) to 0% (case 5), the scale parameter of the AC dielectric strength decreased by 28.9% from 62.2 to 44.2 kV/2 mm, the scale parameter of the positive LI dielectric strength decreased by 25.2% from 112.2 to 83.9 kV/2 mm and the scale parameter of the negative LI dielectric strength decreased by 22.1% from 118.4 to 92.2 kV/2 mm. These results were analyzed in respect to the interfacial bonding and mixing ratio.



The analysis of the results from the viewpoint of interfacial bonding is as follows. In the case of epoxy resins and SiO2, since -OH groups are present in the molecular structure, hydrogen bonding occurs between the organic and inorganic materials, which enhances the interfacial bonding force. Therefore, as the SiO2 content in the additive decreased, it is considered that the dielectric strength was reduced due to the decrease in the interfacial bonding strength of the epoxy micro-composite. This is in agreement with the findings in [12,15,24,28].



The analysis of the results from the viewpoint of the mixing ratio is as follows. As the specific gravity of micro-SiO2 and micro-Al2O3 is 2.65 and 3.94, respectively, for a given weight of filler material, the number of molecules of micro-SiO2 is larger than that of micro-Al2O3. Given the larger number of particles of filler in SiO2, and the resulting larger surface area, the cross-link density between particles and epoxy will be increased. The increased cross-link density suppresses the movement of electrons inside the dielectric, which increases the dielectric breakdown strength [35,36]. Therefore, as the percentage of SiO2 in the additive increased, the dielectric strength was improved.





6. Discussion


The gel time and dielectric strength of epoxy micro-composites affects the economics, productivity and reliability of UHV power equipment. This paper investigated the impact of the mix ratio of two standard micro-fillers on epoxy molding for UHV power equipment, as this can affect the gel time, relative permittivity, dielectric loss tangent, glass transition temperature and dielectric breakdown. Tests were conducted to ascertain the effect of changing the mix ratio of SiO2 and Al2O3.



All experimental results are summarized in Table 5, and based on analysis of these, the following comments can be made:




	
As the mixing ratio of SiO2 increased, the gel time decreased due to strengthening of the hydrogen bonding by -OH groups present in the SiO2 and epoxy resin molecular structure.



	
As the curing temperature increased, the increased temperature accelerated the mixing reaction of the epoxy resin, curing agent and additives, which reduces the gel time.



	
As the mixing ratio of SiO2 increased, the Tg was increased, but the change of Tg was insignificant when the mixing ratio of SiO2 and Al2O3 exceeded 3:1.



	
As the mixing ratio of SiO2 increased, hydrogen bonding by -OH groups present on the surface of SiO2 was decreased, and eventually the bonding force at the interface of the epoxy composite was strengthened. Therefore, the relative permittivity was decreased and the dielectric loss tangent was increased.



	
As the mixing ratio of SiO2 increased, the number of molecules of micro-SiO2 relative to the same weight was increased by the difference in specific gravity, and eventually the AC/+LI/-LI dielectric strength was improved due to the increased cross-link density.



	
As the mixing ratio of SiO2 increased, hydrogen bonding by -OH groups present in the molecular structure of SiO2 and epoxy resin was strengthened, and eventually the AC/+LI/-LI dielectric strength was improved due to the strengthened interfacial bonding strength.









7. Conclusions


In terms of economics, productivity and reliability of UHV power equipment, case 1 with the mixing ratio of SiO2 100% is the most suitable as a mixing ratio of micro-fillers for manufacturing epoxy micro-composite insulators because it has excellent properties of gel time, Tg and dielectric strength. However, if Al2O3 is not added in the manufacturing process of the epoxy composite insulator, the thermal properties of the epoxy composite deteriorate due to the low thermal conductivity. In addition, due to the short gel time, curing proceeds before the epoxy composite is injected into the mold, and eventually cavity formation and molding failure may occur in the epoxy composite.



The operating temperature, conditions of operation, size, required dielectric strength, etc., of the UHV power equipment to be manufactured by each manufacturer are different. Therefore, for the economics, productivity and reliability of UHV power equipment, it is recommended to apply gel time, Tg and dielectric strength data according to the mixing ratio of SiO2 and Al2O3 obtained in this paper to the manufacturing process of the solid insulator. However, depending on the operating temperature of the UHV power equipment to be manufactured, the thermal effect of the filler must be additionally considered.
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Figure 1. Fourier transform-infrared (FT-IR) spectra of epoxy micro-composite. 
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Figure 2. The specimens according to the mixing ratios of SiO2 and Al2O3: (a) the surface of specimens according to the mixing ratios of SiO2 and Al2O3; (b) the fracture surface of specimens measured at 1000x magnification by SEM. 
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Figure 3. The DSC of the epoxy micro-composite. 
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Figure 4. The block diagram of the test circuit for the dielectric breakdown test: (a) AC dielectric breakdown test circuit; (b) lightning impulse (LI) dielectric breakdown test circuit. 
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Figure 5. The structure of the test jig and electrodes. 
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Figure 6. Weibull plot of the AC/LI dielectric strength. 
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Table 1. The contents of each specimen set and mixing ratios of SiO2 and Al2O3.
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	Contents
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Epoxy resin composition
	18.6 wt%
	18.6 wt%
	18.6 wt%
	18.6 wt%
	18.6 wt%



	Hardener composition
	15.56 wt%
	15.56 wt%
	15.56 wt%
	15.56 wt%
	15.56 wt%



	SiO2
	65.84 wt%
	49.38 wt%
	43.89 wt%
	32.92 wt%
	-



	Al2O3
	-
	16.46 wt%
	21.95 wt%
	32.92 wt%
	65.84 wt%



	Mixing ratio
	100:0
	3:1
	2:1
	1:1
	0:100










 





Table 2. The gel time and glass transition temperature (Tg) of the specimens.
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	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	353.15 K gel time
	13 h 53 min
	15 h 46 min
	17 h 23 min
	17 h 30 min
	27 h 16 min



	393.15 K gel time
	1 h 48 min
	2 h 42 min
	2 h 59 min
	3 h 25 min
	4 h 27 min



	413.15 K gel time
	37 min
	1 h 1 min
	1 h 8 min
	1 h 25 min
	1 h 52 min



	Tg
	372.75 K
	372.56 K
	367.75 K
	364.58 K
	353.21 K










 





Table 3. The relative permittivity and dielectric loss tangent.
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	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Relative permittivity
	4.024
	4.252
	4.376
	4.617
	5.236



	Dielectric loss tangent
	0.027
	0.018
	0.016
	0.014
	0.004










 





Table 4. Weibull parameter of the AC/LI dielectric strength.
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Applied Voltage

	
Scale Parameter (kV/2 mm); Shape Parameter




	
Case 1

	
Case 2

	
Case 3

	
Case 4

	
Case 5






	
AC

	
62.2; 24.1

	
57.6; 30.4

	
55.5; 26.4

	
52.2; 23.7

	
44.2; 29.1




	
Positive LI

	
112.2; 31.7

	
106.9; 33.8

	
104.8; 24.0

	
96.8; 29.8

	
83.9; 28.2




	
Negative LI

	
118.4; 36.5

	
110.9; 35.7

	
109.6; 31.1

	
105.5; 30.1

	
92.2; 28.6











 





Table 5. The characteristics of epoxy micro-composite according to the mixing ratio of SiO2 and Al2O3.






Table 5. The characteristics of epoxy micro-composite according to the mixing ratio of SiO2 and Al2O3.













	
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Epoxy resin composition [wt%]
	18.6
	18.6
	18.6
	18.6
	18.6



	Hardener composition [wt%]
	15.56
	15.56
	15.56
	15.56
	15.56



	SiO2 [wt%]
	65.84
	49.38
	43.89
	32.92
	-



	Al2O3 [wt%]
	-
	16.46
	21.95
	32.92
	65.84



	Mixing ratios
	100:0
	3:1
	2:1
	1:1
	0:100



	353.15 K gel time
	13 h 53 min
	15 h 46 min
	17 h 33 min
	17 h 30 min
	27 h 16 min



	393.15 K gel time
	1 h 48 min
	2 h 42 min
	2 h 59 min
	3 h 25 min
	4 h 27 min



	413.12 K gel time
	37 min
	1 h 1 min
	1 h 8 min
	1 h 25 min
	1 h 52 min



	DSC Tg [K]
	372.75
	372.56
	367.75
	364.58
	353.21



	Relative permittivity
	4.024
	4.252
	4.376
	4.617
	5.236



	Dielectric loss tangent
	0.027
	0.018
	0.016
	0.014
	0.004



	AC dielectric strength

(scale parameter) [kV/2 mm]
	62.2
	57.6
	55.5
	52.2
	44.2



	Positive LI dielectric strength

(scale parameter) [kV/2 mm]
	112.2
	106.9
	104.8
	96.8
	83.9



	Negative LI dielectric strength

(scale parameter) [kV/2 mm]
	118.4
	110.9
	109.6
	105.5
	92.2











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























media/file4.png
SEM HV: 15.0 kV WD: 12.67 mm SEM HV: 15.0 kV WD: 12.67 mm SEM HV: 15.0 kV WD: 12.67 mm SEM HV: 15.0 kV WD: 12.67 mm SEM HV: 15.0 kV WD: 12.67 mm
SEM MAG: 1.00 kx Det: SE SEM MAG: 1.00 kx Det: SE SEM MAG: 1.00 kx Det: SE SEM MAG: 1.00 kx Det: SE SEM MAG: 1.00 kx Det: SE
View field: 208 pm Bl: 13.00 View field: 208 pm BI: 13.00 View field: 208 ym Bl: 13.00 View field: 208 pm BI: 13.00 View field: 208 pm Bl: 13.00






nav.xhtml


  energies-13-05165


  
    		
      energies-13-05165
    


  




  





media/file2.png
% I ransmittance

100-

90-

80+

70+

60+

50+

40-

o+

I— Epoxy micro-composite

Wavenumbers (cm™)

30 L] v LJ L) ¥ ¥ L) L) L] L] L] L] LJ L] ¥ v v
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400






media/file13.png





media/file5.jpg
Heat Flow [mW]

-1.0

-1.54

-2.04

-2.5

-3.0

-3.54

-4.0

[—Case 1
[— Case 2|
[— Case 3|
[—— Case 4
[——Case 5

T T T T T T T T T
300 320 340 360 380 400 420 440 460 480

Temperature [K]





media/file3.jpg





media/file1.jpg
%Transmittance

Epoy ooy

053960 3600 3400 3700 3000 2800 2600 2900 200 7000 1800 1800 1400 7200 1000 860 600 400
‘Wavenumbers (cm")





media/file7.jpg





media/file10.png





media/file12.png
Weibull Probability [%)]

aa

v

w w
o ]
2 "

®
o
X

[+
o
1

-
Lo o
1 i

88883

Type

—&— Case 1
—® - Case 2
-~#-- Case 3
—4-=- Case 4
—#-- Case 5

Cummulative Probability Percentage [%]

40 45 50 55 60 65 70
AC Dielectric Breakdown Strength [kV/2mm]

75

AN
951 95 ['/ /
901 90 | 17
= NI
801 = 80 .I P
701 5 70- 1" !
60- Q 6o- / I/
50 o ] Iy
E 50 / />/
40+ 0. 404 : ;.’.
30- S 30- R
Q ’
20+ S 20 L] /
104 o .
—&— Case 1 10 S —&— Case 1
5. —~® - Case 2 s L —® - Case 2
--#-- Case 3 sS4 -=#-- Case 3
—4-- Case 4 '/ ,I ! a2 —4-- Case 4
—+-- Case 5 / / " / —#+-- Case 5
1 T T & T T T T B T — i T T T
70 80 90 100 110 120 130 70 80 90 100 110 120 130

Positive LI Dielectric Breakdown Strength [kV/2mm] Negative LI Dielectric Breakdown Strength [kV/2mm)]





media/file9.jpg





media/file8.png
AC
Source
60 Hz

Ck

AAA
yryYy

S|

L
=

Detection
Impedance

Transformer
400 kVA

Voltage

Y/

Detector

(a)

&

Test
Jig

Impulse Generator Circuit

------

- +—TO

I
I Charging ——C R;
I'Voltage, V, pus






media/file11.jpg
Welbu Probabey 1)

Ty






media/file6.png
Heat Flow [mW]

Case 1
Case 2
-1.5 1 Case 3
Case 4
-2.0 4 Case 5
-2.5 4
-3.0- -
-3.5
-4.0 4

N I ' 1 ! | ' I ' 1 ! I ' I 4 I ! I
300 320 340 360 380 400 420 440 460 480
Temperature [K]





