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Abstract

:

The icing of glass insulators is likely to cause faults such as insulator flashover, which poses a serious threat to the power system. Traditional deicing techniques have the disadvantage of being costly and inefficient. Herein, polytetrafluoroethylenes (PTFEs) as nanoparticles and epoxy and fluorosilicone resins as binders were blended to construct an anti-icing coating. The superhydrophobic (SHP) epoxy/fluorosilicone/PTFE coatings for anti-icing were successfully prepared on glass slides through one-step spraying. The effect of PTFE mass fraction on the microstructure, on the wettability and on the anti-icing properties of the coatings was investigated. The results showed that the coatings with different PTFE mass fractions had different microstructures. When the PTFE mass fraction was 47.2%, the SHP coating exhibited a uniform rough structure with an apparent contact angle as high as 164.7° and a sliding angle as low as 3.2°. Moreover, the water droplets can bounce back five times with a contact time of only 9.5 ms and a rebound height of 4.58 mm. In the low-temperature environment (−10 °C), the SHP coating displayed good anti-frosting, anti-icing and icephobic properties. The delayed frosting time (1499 s) and delayed freezing time (1295.3 s) of the SHP coating were three and five times longer than those of the glass, respectively. The SHP coating presented an ice-adhesion strength (39.8 kPa) that was six times lower than that of glass. The prepared SHP coating demonstrated potential applications for the anti-icing of glass insulators.
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1. Introduction


Icing is a common natural phenomenon. Transmission lines passing through high-altitude areas are highly susceptible to icing in cold and complex environments [1]. Ice accumulation on transmission lines often causes conductor dancing and insulator flashover, and it can even lead to accidents such as conductor breakage and tower collapse, which seriously affect the stable operation of power systems [2,3,4]. Traditional deicing methods, including high-current ice melting, have certain deicing effects, but there are problems, such as its requiring complex equipment, its high price and its low efficiency [5,6,7]. The anti-icing of transmission lines is not only a study hot spot for researchers but also an urgent problem to be solved in the power system. Therefore, it is of great significance to develop a simple and effective anti-icing technology for the safe operation of transmission lines.



Inspired by the lotus leaf effect in nature, biomimetic SHP coatings with excellent water repellency and self-cleaning properties have received a lot of attention and are often used in anti-fouling [8], anti-corrosion [9] and self-cleaning [10] applications and for oil–water separation [11]. An SHP coating is also considered as a potential anti-icing method. The excellent hydrophobicity allows supercooled water droplets in a low-temperature environment to roll away from the SHP surface before freezing, which reduces the possibility of water droplets’ freezing [12,13]. Furthermore, the rough structure of the SHP surface can reduce the contact area of ice with the surface. The formed air cushion can effectively decrease the ice-adhesion strength and facilitate the deicing of the material [14,15]. On the other hand, it is important to emphasize that SHP surfaces are not always icephobic [16,17]. In low-temperature and high-humidity environments, the water-repellent properties of SHP surfaces are prone to be lost. Moreover, the rough structure is easily invaded by water vapor and increases the ice-adhesion strength of SHP surfaces. All these are not conducive to the anti-icing of the surface. At the same time, using a slippery liquid-infused porous surface (SLIPS) is proposed to solve the problem of SHP coating failures [18,19]. The lubricant layer on the surface can isolate water vapor and substantially reduce the ice-adhesion strength. However, the lubricant on the surface of SLIPSs not only is easy to lose but also may pollute the environment.



Compared with SLIPS, the preparation of SHP coatings does not require exhaustive efforts to complete the infusion of lubricant. In addition, the rough structure of SHP coatings is more favorable to resisting external damage than the lubricant of SLIPS. In summary, SHP coatings with superhydrophobic properties still have potential applications in the field of anti-icing [12,13,14,15,20,21]. In general, SHP surfaces with contact angles higher than 150° and sliding angles lower than 10° can be prepared by constructing rough structures, combined with low-surface-energy modifications [22,23]. At present, methods commonly used to prepare SHP surfaces include self-assembly [24], laser engraving [25], chemical etching [26] and magnetron sputtering [27]. The SHP surfaces prepared using the above methods have good anti-icing properties. However, these methods [24,25,26,27] often require complex manufacturing processes and expensive equipment, making it difficult to achieve large-scale industrial production.



In contrast, spraying, as a simple and efficient technique, can significantly decrease the cost of coating preparation. The spraying method can reasonably simplify the preparation process of the coating and is commonly used for the batch production of complexly shaped components [28,29]. The SHP coatings [30,31,32,33] prepared by spraying still exhibited promising anti-icing properties in low-temperature (below 0 °C) environments. In −4 and −8 °C environments, the SHP coating retained good water-repellent properties, and the water droplets rapidly rolled off the surface [30]. The freezing point of water droplets was reduced by the SHP coating, leading to a delayed icing process in the condensing environment [31]. In addition, the anti-icing performance of SHP coatings was significantly influenced by the mass fraction of the filler. SHP coatings with 30% of the mass fraction of MWCNT displayed the best delayed icing performance (no ice residue on the surface within 30 min) in a −10 °C environment [32]. In a −20 °C environment, the SHP coatings of carbon fiber/epoxy composites prepared by combining spraying with hard-template hot pressing showed an icing delay time of up to 640 s and an icing-adhesion strength down to 50 kPa [33].



However, the current research still suffers from requiring cumbersome processes [29,33,34,35] and expensive materials [32,34]. All these may limit its wide application in industry. In order to be suitable for industrial production, the steps for preparing SHP coatings by spraying should be more simplified, and the materials used should be cheaper and more readily available. Most of the substrates used for the anti-icing SHP coatings prepared by the abovementioned spraying methods [29,31,32,34] are metallic materials. There are few studies on nonmetallic materials (such as glass) [30]. In contrast, in addition to transmission aluminum conductors, glass insulators are also important components widely used in transmission lines [28,36]. The icing of glass insulators can lead to a dramatic decrease in the electrical insulation properties of insulators, which causes a serious threat to the operation of power systems [3,4,37,38,39]. Furthermore, glass insulators in harsh low-temperature environments are prone not only to icing but also to frost formation on the surface. The formed frost crystals will intensify the ice accumulation [40,41,42], which will in turn interfere with the normal operation of the power grid. Therefore, it is necessary to study the anti-frosting, anti-icing and icephobic properties of SHP coatings on the basis of using glass to maintain the normal electrical insulation performance of glass insulators.



In this work, epoxy/fluorosilicone/PTFE coatings were prepared on glass slides by using one-step spraying. The microscopic morphology and chemical composition of the coatings were characterized. The wettability, anti-frosting, anti-icing and icephobic properties of the coatings were evaluated. The relationship between the microstructure, wettability and anti-icing performance of the coatings was investigated. The mechanism of the anti-frosting, anti-icing and icephobic of SHP coatings was discussed, and a schematic diagram of the mechanism was constructed. Importantly, techniques such as laser engraving [24,25,26,27] require very expensive equipment to produce SHP coatings. The SHP anti-icing coatings prepared using spraying always consume costly materials and require the investment of a lot of workforce resources [29,32,33,34,35].



The materials used in this work, however, are cheap and easily available common products. Therefore, the SHP coating prepared by one-step spraying has high cost-effectiveness as a potential application in the anti-icing of glass insulators. In addition, the SHP coating prepared on glass in this work demonstrated superior anti-icing properties to the reported coatings prepared on metals [31,32,33]. Among them, the freezing time was significantly prolonged and the ice-adhesion strength was also reduced. In particular, the prepared coatings were accompanied by good anti-frosting properties, which were not previously reported in the literature [30,31,32,33]. The icing–deicing cycle tests indicated that the SHP coating needed further improvement in its anti-icing durability. This study provides a more comprehensive experimental reference for the preparation of anti-icing coatings on glass insulators.




2. Materials and Methods


2.1. Materials


The epoxy resin (GCC135) and curing agent were purchased from Kunshan Lvxun Chemicals Industry Co., Ltd. The epoxy resin is composed mainly of bisphenol A epoxy resin and ethylene glycol diglycidyl ether. The main component of the curing agent is modified isophorone diamine. Fluorosilicone resin was supplied by Chengdu Aikeda Chemical Reagent Co., Ltd., and its fluorine content was greater than 26%. Polytetrafluoroethylene (PTFE) powder with an average particle size of 200 nm was obtained from Shanghai Macklin Biochemical Co., Ltd. 1H, 1H, 2H, 2H heptadecafluorodecyltrimethoxy silane (FAS-17) was provided by Shanghai Aladdin Biochemical Technology Co., Ltd. The ethyl acetate and anhydrous ethanol were supplied by Chengdu Kelong Chemical Co., Ltd. and Chongqing Chuandong Chemical (Group) Co., Ltd., respectively. Glass slides (7101) were purchased as substrates from Jiangsu Feizhou Glass Plastic Co., Ltd. All reagents were analytical grade reagents and could be used without further purification.




2.2. Preparation of Coatings


The coating was prepared using one-step spraying, and the preparation process is shown in Figure 1. First, 25 g of ethyl acetate, 3 g of fluorosilicone resin, 2 g of epoxy resin and 0.5 g of FAS-17 were put into a beaker and stirred on a magnetic stirrer for 30 min. After adding different masses of PTFE powder, magnetic stirring and ultrasonic dispersion were performed for 10 min each. Next, 0.6 g of curing agent for epoxy resin was added and stirred magnetically for 10 min to obtain a well-mixed homogeneous solution. The speed of magnetic stirring was 400 r/min. Before spraying, glass slides were ultrasonically cleaned in absolute ethanol for 10 min and deionized water for 10 min, separately. To prepare coatings with PTFE mass fractions of 0%, 15.2%, 34.9%, 47.2% and 58.8%, the mass of PTFE powder added was controlled to be 0, 1, 3, 5 and 8 g, respectively. The uniformly mixed solution was poured into the spray bottle, and the spray gun was aimed at the vertically placed slides for one-step spraying. The nozzle diameter was 1.5 mm, the spraying pressure was controlled at 0.2 MPa, and the spraying distance was kept at 15 cm. For uniform spraying, the spray gun was slowly moved from top to bottom. The sprayed coating was first cured at room temperature for 1 h and then placed in a drying oven overnight.




2.3. Measurements and Characterization


Scanning electron microscopy (SEM, Zeiss Auriga, Jena, Germany) and energy-dispersive spectroscopy (EDS) were used to characterize the microscopic morphology and elemental composition of the coatings. A Fourier transform infrared spectrometer (FTIRS, Nicolet iS10, Waltham, MA, USA) was employed to detect the chemical composition of the coatings. A water contact angle meter (SINDIN SDC-300) was applied to measure the apparent contact angle (CA) and sliding angle (SA) of the coatings. The water-droplet-bouncing performance was evaluated using ahigh-speed camera (M220, Revealer, Hefei, China). The volume of a water droplet was about 6 μL, and five random locations were measured and averaged as the test results.



Frosting, water-droplet-freezing and ice-adhesion-strength tests were conducted separately by using a semiconductor cooling platform. During the tests, the ambient temperature and humidity were maintained at 25 °C and 50%, respectively. The coating was horizontally placed on a Peltier cooling plate, and the temperature of the cooling plate was lowered from 25 to −10 °C. The frosting of the coating was photographed at intervals by using a cell phone camera.



Deionized water (6 μL) was dropped onto the surface of the coating. The temperature of the cooling plate was lowered to −10 °C. Images of frozen water droplets were collected in real time by using a water contact angle meter until the water droplets were completely frozen. The freezing of the water droplets can be inferred from the transparency and shape of the water droplets in the captured images. The time elapsed between the start of the test and the complete freezing of the water droplets was defined as the freezing time.



The coating was horizontally placed on a Peltier cooling plate. Next, a cylindrical mold with an inner diameter of 10 mm was placed on the surface of the coating. Finally, deionized water was injected into the mold. The temperature of the Peltier cooling plate was set to −10 °C and maintained for more than 40 min to ensure that the water inside the mold was completely frozen. The motion table was slowly moved to bring the force sensor into contact with the mold, and the mold from the coating surface was gradually removed [6]. The force sensor recorded the peak force in real time. The ice-adhesion strength was calculated on the basis of the value of the peak force and the area of the cylindrical mold. All the tests in this paper were repeated more than three times. The mean and the standard deviation of the data after multiple tests were calculated as the final results.





3. Results and Discussion


3.1. Morphology and Chemical Composition


The microstructures of coatings are shown in Figure 2. It can be seen that the coatings with different PTFE mass fractions have different microstructures. Without the addition of PTFE, the surface of the coating is smoother (Figure 2a,b). When the mass fraction of PTFE is 15.2%, a small amount of the lamellar structure appears on the surface of the coating. Thanks to the small amount of added PTFE, no obvious PTFE particles are found on the surface (Figure 2c,d). As the mass fraction of PTFE gradually increases, a rough structure is gradually formed on the surface. The surface of the coating with 34.9% mass fraction becomes uneven. A rough structure consisting of micron-size protrusions, pits and nano-size PTFE spherical particles is observed (Figure 2e,f). When the PTFE mass fraction is increased to 47.2%, the coating has the flattest rough structure, with nanoscale PTFE spherical particles all over the surface (Figure 2g,h). Notably, the surface of the coating with 58.8% mass fraction presents larger cracks and pores (yellow arrows). Many nanoscale PTFE spherical particles are embedded in the binder composed of epoxy and fluorosilicone resins (Figure 2i,j). This implies that there is a significant effect of PTFE mass fraction on the microstructure of the coating. When the PTFE mass fraction is too low, the PTFE particles are completely encapsulated by the binder on the surface, making it difficult to form a rough structure. When the PTFE mass fraction is too high, too many PTFE particles are beyond the binder’s embedding range, and defects such as cracks and voids start to appear on the surface. Therefore, the most suitable PTFE mass fraction for one-step spraying is 47.2%, and the surface of the prepared coating has a uniform and flat rough structure.



In addition, the elemental distributions show that the surface of the coating is covered with F elements (Figure S1). This indicates that the fluorosilicone resin, FAS-17 and PTFE can be uniformly sprayed onto the surface of the coating, which is beneficial to the preparation of SHP coatings. The chemical compositions of the coatings are presented in Figure S2. The presence of a significant C–F bond on the surface of the SHP coating is detected. The addition of fluorosilicone resin and FAS-17 not only brings a large number of C–F bonds but also increases the adhesion of the coating. The rough structure of the coating is constructed of the C–F-bond-rich PTFE nanoparticles, which dramatically improves its hydrophobic properties.




3.2. Wettability


It is well known that the rough structure has a significant effect on the wetting performance of the coating [43,44]. The measurements for the apparent contact and sliding angles of the coatings are shown in Figure 3. Compared with the glass (40.5°), the apparent contact angles of the coatings are significantly increased (Figure 3a). The coatings with 0% and 15.2% mass fraction have similar apparent contact angles (113.4° and 115.9°, respectively). When the mass fraction of PTFE is 34.9%, the apparent contact angle of the coating increases to 154.1°. As the PTFE mass fraction further increases to 47.2% and 58.8%, the apparent contact angle of the coating increases to 164.7° and 165.7°, respectively. On the other hand, the sliding angle represents the rolling ability of the water droplets on the surface and is often used to evaluate the self-cleaning ability of the material [45]. The smaller the sliding angle, the stronger the rolling ability of the water droplet [46]. It can be seen from Figure 3b that the glass and coatings with lower mass fraction have a sliding angle higher than 90°. When the PTFE mass fraction is higher than 34.9%, the sliding angle of the coating starts to significantly decrease. The respective sliding angles of the coatings with 34.9%, 47.2% and 58.8% mass fractions decrease to 15.8°, 3.2° and 2.2°, respectively. A certain rough structure is formed on the surface of the coatings with the 34.9%, 47.2% and 58.8% mass fractions (Figure 2), which causes the coatings to have larger apparent contact angles. As the mass fraction of PTFE increases, the structure of the coating becomes more compact and the PTFE particles with low surface energy on the surface gradually increase. This results in a gradual decrease in the sliding angle of the coating. It can be found that the coatings with PTFE mass fractions of 47.2% and 58.8% achieve the standard of SHP materials. The water droplets can be held up by the air cushion in the rough structure of the SHP surface and exhibit a spherical shape [47].



To study the dynamic wetting performance of the coatings, water-droplet-bouncing tests at 25 °C were carried out. The results are displayed in Figures S3 and S4. It is clear that the water droplets on the surface of the coating with 47.2% mass fraction can rebound five times, while PTFE with mass fractions of 34.9% and 58.8% can rebound only three times. Moreover, the water-droplet-bouncing performance of the glass and coatings at −10 °C is shown in Figure S5. Notably, water droplets on the surface of the 47.2% mass fraction coating can still rebound once. This indicates that the 47.2% mass fraction coating has good water-droplet-bouncing performance in the ambient and low-temperature environments. The SHP coating can significantly decrease the possibility of water-droplet freezing by reducing the contact with water droplets.



The water-droplet-bouncing performance from coatings was quantitatively evaluated. The contact time and rebound height were measured for coatings with 34.9%, 47.2% and 58.8% mass fractions, as displayed in Figure 4. The time between the water droplet’s impacting the surface and its leaving is defined as the contact time. A shorter contact time means a lower probability of water-droplet freezing [48]. The distance that the water droplet rebounds from the surface to the highest is defined as the rebound height. A higher rebound height indicates a lower energy loss of water droplets hitting the surface [49]. The rebound speed of the water droplets can be increased by the lower energy loss. This reduces the possibility of water droplets’ being captured by the surface, which indirectly decreases the possibility of water droplets’ freezing [50]. There is no bounce process for water droplets on the surface of the glass and the 0% and 15.2% mass fraction coatings. Therefore, the contact time is infinite, and the rebound height is 0 mm. The contact time of the three higher mass fraction coatings first decreases and then increases with increasing PTFE mass fraction. The coating with a 47.2% mass fraction has the smallest contact time (9.5 ms) (Figure 4a). However, the rebound heights of the three higher mass fraction coatings exhibit an opposite trend (first increasing and then decreasing). The rebound height of the 47.2% mass fraction coating is up to 4.58 mm (Figure 4b). On the other hand, the water-droplet-bouncing performance of the coating is degraded by the low-temperature environment. The contact time of the 34.9% and 58.8% mass fraction coatings increases to infinity, and the rebound height decreases to 0 mm. In contrast, the 47.2% mass fraction coating still has a contact time of 12.2 ms and a rebound height of 1.4 mm. This suggests that the 47.2% mass fraction coating has good water-droplet-bouncing performance in both room temperature and low-temperature environments.



The glass and the coatings with different mass fractions show different water-droplet-bouncing behaviors in 25 and −10 °C environments. The main reason for this is the difference in the microstructure of the surfaces. The surfaces of the glass and the 0% and 15.2% mass fraction coatings are smoother, and no rough structure is formed (Figure 2). Hence, the surfaces have greater water-droplet-adhesion values. This causes the water droplets that impact the surface to easily spread on the surface, consuming the energy of the impacting water droplets and making it difficult for them to bounce off. For the coatings with 34.9%, 47.2% and 58.8% mass fraction, a certain rough structure (Figure 2) with good hydrophobicity (Figure 3) is observed on the surface. The energy loss is effectively reduced by the air cushion and the low-surface-energy PTFE particles. Thus, the water droplets that impact the surface can be adequately rebounded. The coating with 47.2% mass fraction has the most uniform rough structure. This results in the highest number of rebounds, the smallest contact time and the largest rebound height (Figure 4). In the low-temperature environment, the 34.9% and 58.8% mass fraction coatings basically fail, and the water droplets on the surface have difficulty bouncing, while the 47.2% mass fraction coating still exhibits better water-droplet-bouncing performance.




3.3. Anti-icing Properties


The anti-frosting performance values of the glass and coatings are shown in Figure 5. It can be seen that the glass is completely frosted in 499 s. This is due to the presence of many hydrophilic groups on the smooth glass, and they easily adsorb the water vapor to form a water film and frost. The anti-frosting performance of the 0% and 15.2% mass fraction coatings is improved by the low-surface-energy substances on the surface, with complete frosting times of around 679 and 590 s, respectively. When the mass fraction increases to 34.9%, the complete frosting time is prolonged to 820 s thanks to the rough structure of the coating (Figure 2e). With a further increase in mass fraction to 47.2%, the surface of the coating has a more uniform rough structure (Figure 2g). The excellent water-repellent and self-cleaning properties make it difficult for water vapor to gather into water beads on the surface. As a result, the complete frosting time is significantly extended to 1499 s. For the 58.8% mass fraction coating, there are few defects in the rough structure of the surface (Figure 2i), which reduces the complete frosting time to 1312 s.



The complete frosting time of the 47.2% mass fraction coating is three times longer than that of the glass. This demonstrates that the prepared SHP coatings have good anti-frosting properties and can effectively retard frosting. After the frost has completely melted, a large area of water film appears on the surface of the glass. Larger water droplets are distributed on the surface of the coatings with 0% and 15.2% mass fractions, while 34.9% and 58.8% mass fraction coatings have smaller water droplets all over the surface. In particular, the size of the water droplets distributed on the surface of the 47.2% mass fraction coating is much smaller. This suggests that the 47.2% mass fraction coating has good water-repellent properties after defrosting.



The water-droplet-freezing tests were carried out on the glass and coatings. The freezing process of water droplets is presented in Figure 6. In general, the water droplets on the surface are slowly cooled and frozen by heat transfer [51]. The transparent water droplets are gradually frozen during a slow heterogeneous nucleation process, eventually transforming into an opaque frozen state. The freezing times of the water droplets on the surface of the glass and coatings are displayed in Figure 7. Similar to the wetting performance (Figure 3), the glass has the shortest freezing time (259.3 s). The freezing times of the 0% and 15.2% mass fraction coatings are improved, extending to 617.5 and 542.8 s, respectively. When the mass fraction is increased to 34.9%, the freezing time of the coating is prolonged to 814.8 s. It is found that the SHP coating prepared with 47.2% mass fraction exhibits the highest freezing time (1295.3 s), which is about five times higher than that of the glass. This is because the 47.2% mass fraction coating has a uniform rough structure, and the water droplets on the surface show a Cassie state (Figure 2g). At this time, the actual contact area of the water droplets with a rough structure is smaller. The heat-transfer efficiency is greatly reduced by the air cushion in the structure, effectively retarding the freezing of the water droplets [15,52]. Furthermore, the freezing time of the 58.8% mass fraction coating is slightly decreased, to 1033.3 s. This is attributed to the formation of partial defects in the rough structure that had been caused by the addition of excess PTFE particles (Figure 2i).



In the low-temperature and high-humidity environment, the rough structure is easily invaded by water vapor and frosted, resulting in the failure of the SHP surface used for anti-icing [40,53]. From Figure 5 and Figure 7, it can be found that frosting and icing can be significantly retarded by the prepared SHP coatings. However, frosting and icing will still eventually occur with time. Therefore, the SHP coatings for anti-icing should not only be useful in delaying icing but also have good icephobic properties that facilitate effective deicing after icing [54]. The ice-adhesion strengths of the glass and coatings were measured before and after frosting, as shown in Figure 8. Compared with the highest ice-adhesion strength of glass (260.4 kPa), the ice-adhesion strength of the prepared coatings is significantly lower. The coating without PTFE particles has higher ice-adhesion strength (118.6 kPa). The ice-adhesion strength of the 15.2% mass fraction coating decreases to 82.6 kPa, which reaches the standard of icephobic materials (below 100 kPa) [55]. The ice-adhesion strength of the coating first decreases and then increases as the mass fraction continues to increase, which is the opposite of the changing trend of freezing time (Figure 7). The ice-adhesion strengths of the coatings with 34.9%, 47.2% and 58.8% mass fraction are 76.7, 39.8 and 62.4 kPa, respectively. This indicates that the SHP coatings prepared with 47.2% mass fraction can actively deice under the action of external forces (gravity or wind). It is beneficial to the effective deicing of insulators after icing. In addition, the ice-adhesion strength of the glass and coatings changes less after frosting. The variation trend of ice adhesion strength for glass and coatings is consistent before and after frosting. After frosting, the 47.2% mass fraction coating still has the lowest ice adhesion strength (47.2 kPa).




3.4. Anti-Icing Durability


To evaluate the anti-icing durability performance of SHP coatings, icing–deicing cycle tests were performed on 47.2% mass fraction coatings. The apparent contact and sliding angles after icing–deicing cycles were measured, and the results are displayed in Figure 9a. As the number of icing–deicing cycles increases, the apparent contact angle of the coating slowly decreases, while its sliding angle rapidly increases. After 20 cycles, the apparent contact angle of the coating decreases to 149.1°, and the sliding angle increases to 21.3°. This indicates that the icing–deicing cycle has a significant effect on the wetting performance of the SHP coating. The hydrophobicity and self-cleaning properties of the coating are degraded after the icing–deicing cycle. In addition, the ice-adhesion strength after icing–deicing cycles is presented in Figure 9b. Similar to the variation trend for the sliding angle (Figure 9a), the ice-adhesion strength of the coating gradually increases with the number of icing–deicing cycles. The ice-adhesion strength of the coating increases to 90.4 kPa after 20 icing–deicing cycles. It can be expected that the hydrophobicity, anti-icing and icephobic properties of the coating will gradually degrade as the number of icing–deicing cycles continues to increase [56].



The microstructure and elemental composition of the 47.2% mass fraction coating after icing–deicing cycles are shown in Figure 9c–e. Unlike the microstructure before icing–deicing cycles (Figure 2g), more large lamellar structures (red arrows) are observed on the surface after 20 icing–deicing cycles (Figure 9c,d). The surface of the coating has the same elemental species before and after the icing–deicing cycles (Figure 9e). According to Figure S1, it can be found that the content of the F element decreases after the icing–deicing cycles. This is attributed to the loss of low-surface-energy groups on the surface. On the other hand, during the icing process, the water film on the surface undergoes heterogeneous nucleation and gradually ices from the bottom to the top. At this time, a small amount of water is present embedded in the rough structure and frozen together. For the ice-adhesion-strength test, horizontal thrusts were used to push frozen icicles away from the surface. This causes the ice embedded in the rough structure and the coating to be forcibly pushed off. Thus, a complex force action between the ice and the rough structure is created.



It is known that PTFE is a polymer with lower hardness compared to nanoparticles such as SiO2. This contributes to the poor mechanical properties of PTFE particles. The surface-bonded PTFE particles encounter difficulty in resisting the destruction of cyclic icing–deicing, which gradually damages the rough structure (Figure 9c,d). It has been suggested that the rough structure of the SHP coating is easily damaged by machinery and that the low-surface-energy substances are prone to be lost during the service process [57,58]. This will lead to the premature failure of SHP coatings. Therefore, after the icing–deicing cycle tests, the disruption of the rough structure and the loss of low-surface-energy substances contribute to a decrease in the water-repellent properties (Figure 9a) and an increase in ice-adhesion strength (Figure 9b). Agreeing with the results of the present work, Kulinich et al. [59,60] found that the significant interfacial stresses induced by water expansion during the icing–deicing process lead to a disruption of the rough structure, causing an increase in the ice-adhesion strength. Using cryoscanning electron microscopy, it was observed that the tips of the superhydrophobic structures were embedded in the frozen water, resulting in localized damage to the rough structure after deicing [61].




3.5. Anti-Icing Mechanism


Combined with the above results, the schematic diagram of the anti-frosting, anti-icing and icephobic mechanisms of the SHP coating prepared with 47.2% mass fraction was constructed, as depicted in Figure 10. The black arrow indicates the heat transfer process, the light red arrow denotes the movement direction of the water vapor, and the dark red arrow represents the air cushion. It is well known that the surface of glass is very smooth and flat. The surface of glass is distributed with many hydrophilic groups, and water droplets tend to adhere to the surface. This means that glass in a low-temperature and high-humidity environment is highly susceptible to adsorbing water vapor and forming a water film. The nucleation and growth of frost crystals on the surface are significantly promoted by the presence of water film [62,63]. Therefore, at higher heat-transfer rates, the glass is completely frosted after 499 s of frosting tests (Figure 5). In contrast, the surface of the prepared SHP coating has a uniform rough structure (Figure 2g). The air cushion in the structure and the water-repellent PTFE particles make it difficult for water vapor to form aggregated water droplets. This effectively retards the formation of condensation film and frosting on the surface [64,65]. On the other hand, the epoxy/fluorosilicone/PTFE coating covering the surface resembles a layer of heat-transfer resistance, which also to some extent reduces the heat-transfer rate [66]. As a result, the complete frosting time of the SHP coating is extended to 1499 s (Figure 5 and Figure 10a).



A low apparent contact angle (40.5°) and a large sliding angle were measured on the surface of the glass (Figure 3). The water droplets spread out on the surface, significantly increasing the contact area between the water droplets and the surface of the glass. Thus, the faster heat-transfer rate causes the water droplets on the glass to completely freeze in 259.3 s. Furthermore, a uniform rough structure (Figure 2g) with good water-repellent properties (Figure 4 and Figures S3–S5) is prepared on the surface. It has been indicated that there are many air cushions in the rough structure, which can effectively decrease the contact area between water droplets and the SHP coating [2,43]. The intrinsic contact angle of the SHP coating is taken to be 115.9°. According to the classical Cassie model [67,68], the solid–liquid contact area fraction of the SHP coating is calculated to be only 6.31%. This implies that the prepared SHP coating has a large gas–liquid contact area with water droplets. Hence, water droplets on the surface have a high center of gravity and show a spherical shape that can easily roll off the surface. This prevents the surface from being wetted, further reducing the possibility of icing. On the other hand, it is known that air is a poor conductor of heat. The heat-transfer rate can be effectively decreased by the large area of air cushion in the rough structure, and the freezing of water droplets is greatly retarded [69]. These cause the delayed freezing time of the SHP coating to be as long as 1295.3 s (Figure 7 and Figure 10b).



The hydrophilic group causes the deionized water to be completely adsorbed on the surface of the glass. Under the effect of hydrophilic hydrogen bonding [70], a huge adhesion force is formed after freezing. This results in an ice-adhesion strength of up to 260.4 kPa measured for glass. It has been reported that the main factors affecting the ice-adhesion force are hydrogen bonding, van der Waals forces and a direct electrostatic interaction. Low-surface-energy materials can decrease ice-adhesion forces by reducing electrostatic interactions [71] and shielding van der Waals forces [72]. The surface of the SHP coating prepared in this work has a large number of low-surface-energy PTFE particles (Figure 2g and Figure S1). This can effectively mitigate the influence of electrostatic and van der Waals forces on ice-adhesion strength. On the other hand, the smaller the contact area between the ice and the solid surface, the lower the ice-adhesion strength [73,74]. The solid–liquid contact area is remarkably decreased by the rough structure (Figure 2 and Figure 3). It can be inferred that the surface of the SHP coating has a small solid-ice contact area, which can significantly reduce the ice-adhesion strength. Notably, a large amount of air is trapped by the rough structure of the SHP coating. The air cushions formed in the structure can act as microcracks and stress-concentration points. This will accelerate the crack extension and thus reduce the ice-adhesion strength [71,75]. In addition, when measuring the ice-adhesion strength, the air in the rough structure is squeezed by the ice and the mold. In this case, the pressure inside the air cushion is increased, causing the air to push back against the ice on the surface, thereby decreasing the ice-adhesion strength [62]. Therefore, the ice-adhesion strength of the SHP coating is significantly reduced, to 39.8 kPa (Figure 8 and Figure 10c).





4. Conclusions


The relationships between the microstructure, chemical composition, wettability, anti-frosting, anti-icing and icephobic properties of the epoxy/fluorosilicone/PTFE coatings prepared by one-step spraying were investigated. There was a significant effect of the PTFE mass fraction on the wetting, anti-frosting, anti-icing and icephobic properties of the coatings. Compared with glass and other mass fraction coatings, the SHP coating prepared with 47.2% mass fraction had good water-repellent properties (an apparent contact angle of 164.7°, a sliding angle of 3.2°, water-droplet bounce times of five, a contact time of 9.5 ms and a rebound height of 4.58 mm). In the low-temperature environment, the SHP coating exhibited excellent anti-frosting (a delayed frosting time of 1499 s), anti-icing (a delayed freezing time of 1295.3 s) and icephobic (an ice-adhesion strength of 39.8 kPa) properties, which were attributed to the uniform rough structure and low-surface-energy substances. After 20 icing–deicing cycle tests, the rough structure was partially destroyed, and a small number of the hydrophobic groups on the surface were lost. This resulted in a degradation of the hydrophobic and icephobic properties of the SHP coating.



Further research is needed to improve the anti-icing durability of SHP coatings. It is noteworthy that the prepared SHP coating showed outstanding anti-frosting, anti-icing and icephobic properties compared with glass. This can provide a reference for the preparation of anti-icing coatings based on glass insulators, and the possibility of applying SHP coatings in practical power engineering is increased.
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Figure 1. Preparation of superhydrophobic coating by one-step spraying. 
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Figure 2. Microstructures of coatings with different PTFE mass fractions: (a,b) 0%; (c,d) 15.2%; (e,f) 34.9%; (g,h) 47.2%; and (i,j) 58.8%. 
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Figure 3. Apparent contact angle (a) and sliding angle (b) of water droplets placed on glass and coatings with different PTFE mass fractions. 
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Figure 4. Contact time (a) and rebound height (b) of water droplets placed on coatings with 34.9%, 47.2% and 58.8% mass fractions. 
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Figure 5. Anti-frosting performance of glass and coatings with different mass fractions. 
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Figure 6. Freezing process of water droplets placed on glass and coatings with different PTFE mass fractions. 
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Figure 7. Freezing time of water droplets placed on glass and coatings with different PTFE mass fractions. 
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Figure 8. Ice-adhesion strength of water droplets placed on glass and coatings with different PTFE mass fractions. 
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Figure 9. Wettability (a), ice-adhesion strength (b), micromorphology (c,d) and EDS spectrum (e) of 47.2% mass fraction coating after icing–deicing cycles. 
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Figure 10. Schematic diagram of anti-frosting (a), anti-icing (b) and icephobic (c) mechanisms of SHP coating. 
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