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Outdoor 24-kV power transmission insulators include two main pieces, namely, the shed and core. In this study, these pieces were manufactured separately by roll/hot pressing and hand lay-up methods, respectively. Both shed and core were formed from polymer-based composites due to their low weight, high strength-to-weight ratio, and higher moisture and pollution resistance compared to those of ceramic and glass sheds. The sheds were made from silicone rubber as the matrix and alumina trihydrate (ATH) and TiO2 as additives in single- and double-filler composites. The characterization tests of the sheds included variable (max stability voltage) and constant (dry, wet, and notched max endurance voltage, as well as erosion) voltage tests, in addition to contact angle tests. The results of these analyses demonstrated that silicone rubber reinforced with 5 wt.% TiO2 was the best shed material based on its hydrophobicity. The core of the insulator was made of epoxy reinforced with different glass fiber percentages (10, 13, and 15 wt.%). The manufacturing method was hand lay-up. Tensile strength and scanning electron microscopy (SEM) were used for characterization.
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1 INTRODUCTION
Outdoor high-voltage power transmission insulators experience many stresses. These stresses are classified into three categories: 1) environmental (ultra-violet [UV] radiation, moisture, ice, snow, rain, high/low temperature, and chemical attacks); 2) electrical stresses (dry band arcing, partial discharge, and corona); and 3) mechanical stresses (fatigue due to cyclic loads, and thermal shock) (Huang et al., 2011).
An ideal insulator has properties including high electrical resistance, high mechanical durability, lack of impurities and internal holes, low thermal expansion coefficient, resistance to temperature variations, high reliability, self-cleaning property, low insulation coefficient, resistance to water penetration and contamination, and low cost (Licari, 2003; Askeland et al., 2011; Huang et al., 2011; Taherian and Kausar, 2019).
As shown in Figure 1, a high-voltage transmission insulator contains two parts: the shed and the core. The shed is attributed to the housing of the insulator that inhibits flashover. The core is the central bar that bears the insulation weight. We separately present a literature review on the materials and production of shed and core.
[image: Figure 1]FIGURE 1 | (A) Schematic of a high-voltage insulator containing the shed (left side) and core (right side). (B) Raw materials (silicone rubber, TiO2, and ATH powders) and roll milling apparatus. (C) Roll milling of the raw materials to produce the paste. (D) Hot pressing the paste. (E) Samples manufactured with different fillers for the high-voltage tests. (F) Raw materials (two-component epoxy and die). (G) Epoxy resin impregnation of the glass fibers. (H) Resin injection into the die. The fibers are initially aligned along the die length. The resin is then injected into the die (I) cores.
The ability of shed insulators to resist the stresses described above can be enhanced by changing their design and materials. The current materials used in sheds include ceramics, glasses, polymers, and composites (Kumosa, 2004; Andersson et al., 2007; Gubanski, 2008; Papailiou and Schmuck, 2013). Ceramics and glass have high density, about three times those of polymer and composite; moreover, they are brittle and sensitive to cracking (Lockhart, 2006; Andersson et al., 2007; Gubanski, 2008; Global Composite Insulators Market, 2019; Bayliss and Hardy, 2022). Ceramic and glass-type sheds have high hydrophilic properties (Andersson et al., 2007; Gubanski, 2008; Schmuck, 2013; Marchi, 2014) that lead to the accumulation and adherence of pollutants, snow, and rain on their surfaces, thereby leading to partial discharge, corona discharge, or dry band arcing.
Compared to glass and ceramic sheds, the benefits of polymer-based composite sheds have merits include lower weight, lower cost, higher strength-to-weight ratio, lower sensitivity of the mechanical properties to impurities, self-cleaning, lower absorption of contaminants, and lower wettability with moisture (Papailiou and Schmuck, 2013). The self-cleaning feature of these insulators and their decontamination are the main disadvantages of power lines. The accumulation of contamination on the shed can lead to discharging and firing, similar to the events in the Khoozestan state of Iran in 2016. Moreover, polymer-based composite sheds have long-term pollution resistance and more hydrophobicity against rain, ice, and snow compared to other materials (Askeland et al., 2011).
The first use of a polymer as an electrical insulator was reported in 1940 when the polymer was cast using a cycloaliphatic epoxy resin (Noori, 2007; Aman, 2011; Gorur et al., 2012). Among polymers, silicone rubber and ethylene propylene diene monomer (EPDM) show better properties compared to other polymers (Askeland et al., 2011). However, because of the abundance of low surface energy groups (CH3), silicone rubber has a higher hydrophobicity than those of EPDM and other polymers (Askeland et al., 2011). Extremely polluted and wet areas such as deserts and sultry regions show no electrical arc with silicone rubber sheds (Licari, 2003; Singh, 2011; Hosung et al., 2014; Narayanan, 2014).
Despite the advantages of silicone rubber, it has a low resistance to surface electrical stresses. The use of inorganic fillers such as TiO2, SiO2, BaTiO3, Al2O3.3H2O (ATH), and ZnO nanoparticles can compensate for this deficiency by enhancing the homogeneity and distribution of the electric field on their surface and diminishing the electrical stresses on high-voltage outdoor insulators (Cherney, 2005). The fillers create self-cleaning surfaces on the insulators, which inhibit contaminant adherence, thereby efficiently removing the dust from the shed surface. These fillers increase the surface tension of silicone rubber. In the self-cleaning surfaces, dirt particles, snow, and drops are removed from the insulator surface. Fillers such as ATH and silica powders are commonly imparted into silicone rubber to increase the tracking and erosion resistance, leading to increased surface hydrophobicity, relative permittivity, and electric field distribution and homogeneity (Cherney, 2005).
The weaknesses of composite sheds include their lower compressive strength and higher thermal expansion coefficient compared to those of glass and ceramic sheds. These defects can be improved by adding fillers such as ATH to increase the anti-abrasive properties of TiO2 to enhance the photocatalytic features (Lockhart, 2006; Andersson et al., 2007; Gubanski, 2008; Mikiya and Kazukiyo, 2008; Gafti, 2017; Verma and SubbaReddy, 2017; Guruprasad et al., 2018; Global Composite Insulators Market, 2019; Bayliss and Hardy, 2022). ATH significantly increases the resistance of silicone rubber to aging resulting from thermal-ionized partial discharges such as pre-arcs. ATH increases the resistance of silicone rubber against high UV radiation and salt deposition (Mavrikakis et al., 2014). However, the addition of ATH can increase viscosity, leading to the hardening of the composite injection to the mold. To solve this problem, the present study developed a new method, including a rolling process, to mix silicone rubber with ATH and TiO2 as filler (Papailiou and Schmuck, 2013).
The insulating properties and hydrophobicity of these composite sheds depend on factors including shed shape, filler type, resin type, polymer surface roughness, mixing method, and production conditions (Owen et al., 1986; Chateauminois et al., 1994; Kumosa et al., 2005; Raji et al., 2006; Naebe et al., 2016).
The rod-shaped core is also called a fiber-reinforced polymer (FRP) bar. This bar should act as an insulator and is the major component bearing the insulator weight and other mechanical stresses, such as wind and snow weight (Papailiou and Schmuck, 2013). E-glass fibers and polymer resin as the reinforcing and matrix phases, respectively, are used to build a composite core (Amini and Khavandi, 2018). These bars can be produced by pultrusion or filament winding methods (Raymond and Meyer, 1985; Armentrout et al., 2003; Venkatesh and Praveen, 2017). Pultruded rods use a particular form of glass fiber-reinforced polymer (GFRP) in which a bundle of glass fibers is wetted with epoxy or polyester resins and then slowly pulled through a heated die to cure the resin. The rod contains fibers embedded in resin aligned along the rod. The fiberglass content may be as much as 80 wt.%, and the cured material has a very high axial strength and modulus due to the aligned fibers. Such rods are relatively cheap, can bear very high mechanical loads, and have excellent environmental and electrical resistance. Therefore, they are useful in high-voltage electrical installations (Owen et al., 1986).
Armentrout et al. (2003) described water diffusion into and electrical testing of unidirectional glass-reinforced polymer GRP composite rods used as load-bearing components in high-voltage composite non-ceramic insulators. Amini and Khavandi (2018) investigated the acid absorption, breakdown voltage, and tensile strength of rod-like GFRP composites for use in insulator cores in power transmission lines. Venkatesh and Praveen (2017) exposed these FRP bars to high temperatures and investigated the tensile strength and Young’s modulus at different temperatures.
This study formed and assessed two essential components of outdoor 24-kV transmission insulators, the shed and core, made of nanocomposites. The shed used silicon rubber as the polymer matrix and ATH and TiO2 as nanofillers. The effect of filler type and filler value on the dielectric properties, including maximum (max) stability voltage, dry max endurance voltage, wet max endurance voltage, notched max endurance voltage, erosion, and contact angle, was investigated. The novelty of this study is the use of different single and hybrid nanofillers for the shed composition and the series of high-voltage analyses of the samples. The core included an epoxy matrix and E-glass fiber filler. The effect of the fiberglass value on the mechanical properties of manufactured cores was investigated. Moreover, this study also used a hand lay-up method to produce the cores and compared its properties to those of the common pultrusion method for core production.
2 EXPERIMENTAL METHODS
2.1 Materials
Table 1 lists the materials to construct the shed and the core of the insulator. The compositions of the samples are described in Table 2.
TABLE 1 | Materials used for the preparation of the composite insulators.
[image: Table 1]TABLE 2 | Compositions and codes of the prepared shed and core composite samples.
[image: Table 2]High-temperature vulcanized (HTV) silicone rubber has a high resistance at high and low temperatures (−70 to 200°C). HTV has low wettability to water drops, soil, and contamination. Silicone rubber has a volumetric resistivity as high as 10–16 cmΩ. ATH increases erosion and aging resistance, as well as performance against pollution and harsh climates. TiO2 increases hydrophobicity, self-cleaning properties, and UV resistivity of the shed surface.
To manufacture the insulator core, epoxy resin with hardener was used as a binder, with E-glass fiber used as reinforcement (Table 2).
2.2 Preparation methods
2.2.1 Sheds
For perfect mixing and uniform distribution of materials in the field, a roller mixer consisting of two cylindrical rollers rotating in opposite directions was used through a convenient two-roll milling/hot-pressing process. Due to the high viscosity of HTV silicone rubber, mixing ATH and TiO2 into the polymer was impossible. Moreover, ATH and TiO2 are nano-sized; thus, they require high shear forces to separate agglomerated particles. Rolling is the only method that can create high shear forces on the silicone rubber paste. The mixing steps were such that the silicone was rolled at approximately 0.5 revolutions per second. At each level, certain percentages of the ATH and TiO2 fillers were distributed uniformly on the silicon surface and the rolling process was repeated until the composition was completely homogeneous and the color of the discs was uniform, as shown in Figure 1A. Next, the materials were hot-pressed using a steel cylindrical die 12 cm in diameter. The pressing pressure and temperature were 100 bar and 150°C, respectively. The produced discs were 12 cm in diameter and 5 mm in thickness. Aluminum electrode conductors were placed in the discs for the electrical tests, as shown in Figures 2A–D.
[image: Figure 2]FIGURE 2 | Setup of the high-power voltage tests for sheds in (A) maximum stability, (B) dry max endurance, and (C) wet max endurance voltage tests, as well as (D) the notched max endurance voltage and (E) erosion-resistance test. (F) High-power voltage tests for a real high-voltage insulator containing a shed and core.
2.2.2 Cores
To make the cores using the hand-layup method, the resin and hardener were first mixed. Next, some holes were embedded in a cylindrical die containing two caps. A release agent was then drawn on the die to release the composite from the die. The fibers were impregnated with a resin mixture and passed from the die’s holes. Afterward, a syringe was used to inject the extra resin into the die to fill vacant spaces and porosities. The resin was cured at environment temperature for 24 h. Figure 1 shows the steps of the preparation of the sheds and cores.
2.3 Analyses
2.3.1 Scanning electron microscopy
SEM was used to analyze the fracture surface of the core samples. The SEM apparatus, a Sigma 300-HV Zeiss field emission model made in Germany, was used to image the core composites. Gold layer coating was required to evaluate the insulator samples.
2.3.2 Max stability voltage tests
The max stability voltage is defined as the maximum voltage that can be induced on the sample without any discharge (Figure 2A). This test was performed based on the IEC 60-1, IEC 383-1, and IEC 61109 standards. In this test, the power was applied to each sample until discharge occurred. All electrical tests were repeated at least two times. As the atmospheric conditions strongly affect this voltage, all tests were performed under standard atmospheric conditions (20°C, 760 mmHg, and 11 gr water/m3). The sample surfaces were polished and dried with alcohol. A linearly incremented electrical potential was applied to both sides of the samples. The voltage was increased linearly until the first spark was observed. This voltage was defined as the maximum power frequency stability voltage (Figure 1A).
According to the IEC 60-1 standard, the obtained discharge voltage was multiplied by a coefficient to consider the effect of temperature and pressure changes from the standard conditions (20°C and 760 mmHg) (IEC, 2010). This coefficient is as follows:
[image: image]
where p is pressure in mmHg and T is the temperature in °C.
2.3.3 Dry max endurance voltage tests
The dry max endurance voltage is defined as the maximum voltage endured for 60 s (Figure 2B). The test was performed in dry and wet conditions according to the IEC 60-1, IEC 383-1, and IEC 61109 standards. The voltage was applied to the insulator and increased by 2% per second to reach the test voltage and remained constant for 1 min. The voltage at which the first spark or arc was detected was recorded. In the results, a laboratory test coefficient was also applied.
2.3.4 Wet max endurance voltage tests
The wet max endurance voltage (based on IEC 60-1, IEC 383-1, and IEC 61109 standards) is defined as the maximum voltage the sample can endure for 60 s, in the state that water is sprayed to the surface at 15°C, by a water spraying rate of 3 ± 0.3 mm/mm under a 45° spraying angle (Figure 2C). Then, the voltage was applied to the insulator, increased by 2%/s to reach the test voltage, and remained constant for 1 min. When the first spark or arc was detected, it was recorded at the level of the voltage collector. In the results, the laboratory test coefficient was also applied.
2.3.5 Notched max endurance voltage tests
One challenge in outdoor power transmission insulators is the probability of creating scratches on the shed surface of composite insulators. In this test, the condition is as same as the dry and wet max endurance voltage tests. The notches are inserted according to Figure 2D.
Figure 2 shows different standard setups (based on the IEC 60-1, IEC 383-1, and IEC 61109 standards), for max stability, dry, wet, and notched max endurance voltages, as well as erosion tests. A real 24-kV insulator is also shown for comparison to the manufactured samples.
2.3.6 Erosion tests
Insulator erosion was evaluated according to the IEC 60587 standard (Figure 2E). The sample dimension was 120 × 50 × 6 mm3. The surfaces were polished with 1200-grit sandpaper and then washed with deionized water and alcohol. Finally, the samples were dried in the atmosphere for 24 h at 25°C. After weighing, the samples were subjected to a voltage of 6 kV for 6 h. The weight difference before and after applying the voltage indicated the erosion rate of each sample (IEC, 2007).
Figure 2F shows the testing setup of an assembled high-voltage insulator containing a shed and core.
2.3.7 Wetting angle tests
The wetting angle of water drops on the shed surface indicates the hydrophobicity property of the insulator and, thus, the self-cleaning degree. Wetting angles were determined using the IFTS tensiometer apparatus.
2.3.8 Tensile tests of the core samples
Tensile tests of the core samples were performed based on the IEC 61109 standard on a hydraulic INSTRON 8802 apparatus to draw σ-ε curves until the fracture point (Abu-Danso et al., 2019). The cylindrical sample was 22 mm in diameter and 100 mm in height.
Figure 1 shows the preparation steps for the shed samples and core composite. Afterward, the shed samples were subjected to the following experimental tests: max stability voltage, dry max endurance voltage, wet max endurance voltage, notched max endurance voltage, erosion, and wetting angle tests. The core samples were subjected to the following experiments: tensile strength and SEM.
3 RESULTS AND DISCUSSION
3.1 Shed insulator
The results of the max stability voltage test showed the highest voltage for the 95HTV/5TiO2 sample, in which the first spark occurred at 72.89 kV (Figure 3). This working voltage is excellent for application in high-voltage insulators. Increasing ATH >25 wt.% led to a significant decrease in the max stability voltage. Hybrid samples containing both TiO2 and ATH fillers showed worse results and lower max stability voltages. These findings indicated the uniform dispersion and distribution of reinforcing TiO2 nanoparticles in low-TiO2 loading. However, increasing TiO2 or ATH nanoparticles causes agglomeration which created flow through interconnected nanoparticles. Nanoparticles such as TiO2 and ATH in high filler loading tend to clump together due to van der Waals forces, thereby agglomerating the particles together. This force is significant in nanoparticles compared to micro-fillers. The probability of agglomeration in nanofillers is much higher than that for micro-fillers due to the higher surface area, and thus van der Waal’s forces between nanoparticles, in nanofillers.
[image: Figure 3]FIGURE 3 | Maximum power voltages in different composite samples.
After the test, the shed surface was free of voids or defects, and only electrical failure occurred. High filler loads resulted in particle agglomeration or surface voids, leading to electrical breakdown, thereby perforating the surface.
The results of the dry max endurance voltage test showed the best dry-state sample duration at a voltage for 60 s for the 95HTV/5TiO2 sample, which withstood up to 59.5 kV for 60 s min without any spark or voltage increase/decrease. The worst sample was 50HTV/25TiO2/25ATH containing 50 wt.% (45.11 kV). These results verified the hypothesis that increasing the filler percentage >5 wt.% decreased the ability to withstand voltage compared to bare HTV silicone. After testing, the sample surface was perfect and without defects.
The dry max endurance voltages are shown in Figure 3. Samples S1, S2, and S4 were able to withstand a voltage of 50 kV for 60 s, meeting the standard requirements. No trace of arcing, voltage change, and surfaces defect were observed. A similar test on the factory-made 24 kV insulator showed a max endurance voltage of 35.5 kV for 60 s. S4 showed a higher voltage than that for S8 because the latter sample contained 50 wt.% filler. The high filler loads create agglomeration, which forms paths for flashover and discharge.
The results of the wet max endurance voltage test showed a higher voltage for sample S5 (75HTV/25TiO2) (28.6 kV) compared to that for S4 (24.77 kV). This result may be because TiO2 increases hydrophobicity, thereby increasing the ability to withstand voltage. The samples containing ATH had a lower voltage (22.66 kV). The weakest performance (8.5 kV) was observed for the hybrid samples (50HTV/25TiO2/25ATH). These findings verified the hypothesis that high-filler loading leads to nanoparticle agglomeration, thereby creating an interconnected path for discharge. Decreasing nanoparticles size showed an increasing tendency to agglomeration because of van der Waals’s forces.
Since the partial discharge phenomenon is one of the most critical problems of insulators in areas with high humidity and pollution, max endurance voltage tests were also performed in wet conditions, the results of which are shown in Figure 3. The best effect was observed for the addition of up to 25% TiO2 nanoparticles. The max endurance voltage in the wet state increased from 12.5 kV in sample S1 to 25.5 kV in sample S5. Due to its self-cleaning properties, the use of this composite as a shed on the insulators would make the surfaces immune to pollution and moisture. Thus, other pollutants susceptible to the presence of water will disappear from the surface. It should be noted that if this shed is used, there is no need to wash the insulators in different seasons because these sheds are self-cleaning.
The results of the notched max endurance voltage test showed the best results for the notched sample S1 (69.73 kV), followed by S4 (66.88 kV). Therefore, in the notched state, the addition of both ATH and TiO2 nanofillers decreased the voltage tolerance by creating an interconnected path for discharge. The creation of any notch or hole within polymer-based composite sheds does not cause power failure, while any groove can lead to the failure of ceramic or glass sheds, thereby discharging or cutting off the power network. In general, creating such a problem while working on polymer composite insulators in power lines will not lead to a shutdown; however, this problem occurring in ceramic insulators will rapidly lead to breaks and power outages.
The results of the max stability voltage and three types of max endurance voltage tests showed that the addition of TiO2 nanofiller above 5 wt.% and ATH generally had negative effects due to the agglomeration of nanofillers and the creation of the flashover passage of electrons via the composite. High ATH percentages showed a particular drop in working voltage, as the excess filler caused the filler particles to not be well covered by silicone, resulting in agglomeration of filler particles and consequent the loss of performance of the specimens. Thus, the better distribution of low-filler composites resulted in better performance compared to high-filler composites, with worse filler distributions as high filler loading leads to agglomeration and, ultimately, flashover and discharge.
Khan et al. (Hidayatullah et al., 2017) investigated the effect of micro-ATH and SiO2 particles on the stability voltage of silicone-based insulators. They reported that the distribution of filler particles was more important than the weight percentage of the fillers. They assessed a composite containing silicone rubber as a matrix and 15, 20 wt.% ATH and 5 and 15 wt.% SiO2. The composite containing 15% ATH showed the highest flashover voltage. Consistent with the findings of the present study, increasing the ATH from 15 to 20% decreased the stability voltage. Khan reported that SiO2 (similar to TiO2 in the present study) increased voltage stability. The resistance voltages for the present research are somewhat higher than those reported by Khan et al.
3.1.1 Erosion test
One of the negative factors of polymer-based composite insulators is chemical degradation due to environmental factors such as UV irradiation and acid rain, as well as electrical factors such as corona or discharge of dry bonding and their thermal effects. The results showed the lowest weight loss for S8 (50HTV/25TiO2/25ATH), with the highest weight loss in S1, similar to that for bare silicone rubber. The simultaneous addition of TiO2 and ATH assessed in S6–S8 indicated that the erosion mainly occurred on the polymer matrix and the higher the amount of nanofiller, the better the wear resistance. The lowest erosion value was observed for the 75% HTV/25% TiO2 composite. Compared to pure silicone rubber, this sample showed a >80-fold improved erosion value.
Two factors are useful in interpreting the results of tests of variable voltage (max stability voltage) and constant voltage (dry, wet, and notched max endurance voltage) tests. The first is the weight percentage of TiO2 and ATH; the second is the good dispersion of the particles of fillers in silicone rubber. The results showed no defect in the surface of the samples, indicating the uniform distribution of the reinforcing particles in the matrix. If the particles are not distributed uniformly throughout the structure, or if the sample has porosity, electrical breakdown will occur. During the test, the samples had holes in the surface.
Figure 4 shows that the ceramic nanoparticles increased wear and erosion resistance and, thus, weight loss. The polymer has weak mechanical strength. Therefore, reinforcing the polymer matrix with ceramic, especially nano-sized ceramic powders, can increase erosion and wear resistance in composite insulators. However, nanofillers have a strong tendency to agglomerate, which results in a sharp reduction in mechanical strength. Brostow et al. (2017) also manufactured polymer-based composites reinforced with nano-ceramic fillers, with similar findings. Chakerwarti et al. (2015) also reported that alumina nanoparticles improved erosion resistance even at a small weight fraction (3%). Thus, they concluded that the silicone rubber composites reinforced with nano-sized alumina showed better resistance to tracking and erosion. Meyer et al. (2006) investigated the erosion properties of a silicone rubber composite reinforced with SiO2 micro- and nanoparticles. They reported that nanofillers showed a lower surface roughness and higher erosion resistance compared to micro-fillers. However, nano-SiO2 showed a worse impact on hydrophobicity compared to SiO microparticles, and both showed weaker hydrophobicity compared to bare silicone rubber. This effect may result from the fact that SiO2 particles decrease hydrophobicity.
[image: Figure 4]FIGURE 4 | Sample weight loss after the erosion test.
Venkatesulu and Thomas (2010) observed that the performance of 4 wt.% nano-alumina in a silicone rubber insulator was comparable to that of 30 wt.% ATH in silicone rubber. They also found that the thermal stability of the nanocomposites was better than those of the micro-composites even at the low concentration of the nanofillers due to the large number and higher dispersion of nanofillers in the insulator bulk, a significant quantity of polymer chains with restricted mobility at the interface between the polymer and the fillers, and better physical bonding between the nanofillers and the polymer matrix. More barriers in front of traveling electrons or phonons can increase thermal and electrical resistivities in the composites containing nanofillers compared to composites containing micro-fillers (Li et al., 2017).
Thomas and Thomas et al. (2010) reported that nanofillers significantly improved the corona in the long run. Only 3 wt. % of filler loading reduced the surface roughness by at least one order, reduced the crack width seven-fold, and reduced the loss of hydrophobicity by seven-fold compared to unfilled samples. The amount of eroded material also decreased with filler loading. Therefore, nanofillers such as ATH and TiO2 can reduce physical degradation in terms of surface erosion and surface roughness, and also improve hydrophobicity. However, the percentage of these nano-sized fillers requires optimization to prevent agglomeration.
Under standard pressure and a temperature between 180°C and 200°C, ATH is converted directly into Al2O3 and water droplets without the intermediate stage of boehmite formation AlO(OH) (Papailiou and Schmuck, 2013). ATH has erosion and cracking resistance. Han et al. (2003) reported that ATH in silicone rubber increased the erosion resistivity even at 60 wt.% ATH loading. However, ATH loading >60 wt.% increases viscosity such that processing based on low-pressure cavity casting is no longer possible. Therefore, in the present study, the maximum ATH was 40 wt.%. The addition of ATH also increases the thermal conductivity of the composite. Loading with 50 wt.% ATH increases the thermal conductivity from 0.2 to 0.5 W/mK and increases the aging resistance of the composite by dissipating heat produced in the insulator (Meyer et al., 1996; Meyer et al., 2004). However, the electrical resistivity of ATH compared to silicone rubber, and the increased viscosity of ATH loading are two limitations of ATH in composites.
Wetting angle test: Hydrophobicity is the most important property of high-voltage insulators, especially in polluted environments. Pollutants such as dust settling in the insulator lead to discharge and firing. The events in 2016 in the Khoozestan state of Iran occurred due to the settling of fine dust on the insulators. A hydrophobic insulator surface will shed dust from the surface through the actions of wind or rain. Nanoparticles such as TiO2 or ATH increase the contact angle or hydrophobicity.
As shown in Figure 5, the addition of both TiO2 and ATH increased the wetting angle or hydrophobicity compared to bare silicone rubber. However, TiO2 showed a stronger effect as the highest wetting angle (113°) was observed for S5, which contained 25 wt.% TiO2, while S3 containing 40 wt.% ATH had an angle of approximately 103°. By simultaneously adding ATH and TiO2 to the matrix, samples S6–S8 showed higher wetting angles compared to that for bare silicone. The lower hydrophobicity of ATH compared to TiO2 may be because ATH has three water molecules that can increase its wettability with water drops. Liu et al. (2015) reported a surface free energy of ATH of 29.02 mJm−2 and a contact angle of water drops on pure ATH as low as 58.1°. The highest hydrophobicity was observed for 75% HTV/25% TiO2. Compared to pure silicone rubber, 25% TiO2 increased the wetting angle by >15%.
[image: Figure 5]FIGURE 5 | Results of contact angle tests for different shed samples.
3.2 Core insulator
Table 2 shows that all samples had ultimate tensile strengths (σUTS) above the standard criteria (48 MPa based on standard 61109) (Liu et al., 2013; Gong et al., 2015). The best results were obtained in the sample containing 10 wt.% fiberglass. Moreover, increasing glass fiber percentage resulted in decreased σUTS due to increased fiber agglomeration, which prevents correct resin wetting of the fibers. The SEM image in Figure 6 illustrates fiber wetting by epoxy resin. Another difference between the hand-made composite in this study and the pultruded sample as a commercial sample is that in hand-made composite, especially those with higher fiber percentages, some of the fibers may bend and cannot align along the core length due to the limited capacity of the die. Some fibers are placed at an angle to other fibers. Therefore, when a load is applied to the composite, the fibers are involved one by one and fail, separately, not simultaneously, thereby decreasing the maximum withstanding force. The singular tearing of fibers during the tensile test supports this phenomenon. In pultrusion, the fibers are aligned along the core length without distortion. Therefore, all fibers withstand tearing, which increases σUTS.
[image: Figure 6]FIGURE 6 | SEM image of (A) epoxy/10 fiberglass and (B) epoxy/15 fiberglass.
If the fibers do not rotate and align along the die length, the fiber value can be increased, thereby increasing the composite strength. Amini et al. (2018) reported that the addition of 65% E-glass to epoxy resin resulted in tensile strength of 350 MPa. They used a pultrusion apparatus for composite preparation. Therefore, the fibers aligned along the die without agglomeration.
4 CONCLUSION
This study of sheds and cores of 24-kV insulators developed and tested some polymer-based composites. The effects of TiO2 and ATH as additives to silicone rubber sheds and the properties of the hand-layup epoxy-reinforced fiberglass composite as the core were compared to those of pultruded composite. The following results were obtained:
1. Assessment of max stability voltage and max endurance voltages in dry, wet, and notched states for the shed samples showed that the addition of 5 wt.% TiO2 improved the properties by about 5% and that the addition of ATH significantly decreased the best features.
2. The erosion test of shed samples showed better performances of both single- and double-filler composites compared to pure silicone rubber. The least erosion and highest hydrophobicity values were observed for the composite of HTV reinforced with 25% TiO2. Compared to pure silicone rubber, 25% TiO2 improved the erosion value by >300% and increased the wetting angle by >15%.
3. Assessment of the hydrophobicity, which is critical for inhibiting the absorption of pollution and dust, which can cause discharge and firing demonstrated the best results for the HTV/5TiO2 shed candidate.
4. Regarding the core sample, the hand lay-up method passed the standard criteria, comparable to the pultruded commercial core. The optimum filler loading value was 10 wt.% fiberglass, as higher values led to filler agglomeration, thereby decreasing the maximum tensile strength.
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Material

Silicone polymer
Aluminum trihydrate
Titanium oxide
Epoxy resin
Hardener

Glass fiber

Model

HTV

Al (OH);

TiO,

LY 5052, Mokarrar Co.

LY 5052, Mokarrar Co.

E-glass

Properties

Shore hardness 70, UTS: 45 MPa, dielectric power: 23 kV/mm
White powder 50 nm

White powder 10 nm

Curable in 25°C

UTS 3.45 MPa, excellent dielectric properties

Manufacturer

HTV (SHOR -70) from LTD. Co. of South Korea
Merck, Germany

Merck, Germany

Huntsman, France

Huntsman, France

LTD. Co. of South Korea
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Shed composition

Sample code  Chemical composition

% ATH  TiO%

S) HTV 100

S, 75HTV/25ATH 25% -
S G6OHTV/40ATH 40% —
Sa 95HTV/5 TiO, - 5%
S5 75 HTV/25TiO, - 25%
Se 70 HTV/5TiO,/25ATH 25% (%)
S 55 HTV/STiO,/40ATH 40% %)
Ss 50 HTV/25Ti0,/25ATH 25% 25
Core composition

Code Glass fiber% oUTS (MPa)
Epoxy/10 wt.% glass fiber 10 88
Epoxy/13 wt.% glass fiber 13 67
Epoxy/15 wt.% glass fiber 15 57
Commercial insulator (pultruded) fd 105
Epoxy/65 wt.% E-glass fiber (pultruded) 65 350

(Amini and Khavandi, 2018)

Neat epoxy (Liu et al, 2013; Gong et al, 0 52-65
2015)

Standard criteria - 48
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