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Neat high-temperature vulcanized silicone rubber (HTV SR) showed bad hydrophobicity due to the existence of a large number of inorganic reinforcing fillers on its surface, which affected its security application in outdoor insulation systems. In this work, hydrophobic silane chains were grafted onto the surface of inorganic particles on the skin layer of HTV SR by a one-step coupling modification to improve its hydrophobicity. The effects of coupling agent types and coupling reaction conditions on the hydrophobicity of HTV SR were investigated. It was determined that the perfluorooctane trichlorosilicon with a large number of low surface energy fluorine atoms was the preferred coupling agent. The contact angle of HTV SR was increased by 15.70% when the optimal coupling reaction conditions were determined to be a reaction temperature of 60°C, a reaction time of 4 h, and an amount of coupling agent of 0.5%. The study found that both etching reaction and grafting reaction occurred during the whole coupling modification process, which led to the disappearance or decrease of a lot of holes on the HTV SR surface. After the fluorination coupling reaction, the surface of HTV SR became smooth and dense that led to the decrease of water absorption. The result of Fourier-transform infrared spectroscopy analysis showed the formation of C-F bond in HTV SR after fluorination modification, and the energetic dispersive spectroscopy analysis showed that the fluorine content on the surface of the fluorinated HTV SR increased significantly. Moreover, the stability analysis showed that the fluorinated HTV SR still had a good thermal stability and mechanical property stability.
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1 INTRODUCTION
High-temperature vulcanized silicone rubber (HTV SR) is a kind of polymer material with Si-O bonds as the main chain with dimethyl or methyl vinyl structure as the side chain normally. It is usually prepared by a vulcanization reaction at a high temperature and high pressure by crosslinking methyl vinyl silicone rubber, methyl phenyl vinyl silicone rubber, etc. as the raw rubber with the addition of a large number of inorganic fillers, structure-controlling agents, vulcanizing agents, and other auxiliaries (Zhang et al., 2018; Kokalis et al., 2021; Pal et al., 2021). With the advantages of high- and low-temperature resistance, corrosion resistance, dirt flash resistance, and excellent electrical insulation, it has a wide range of applications in the fields of automotive electronics, aerospace, insulated power transmission, etc. In particular, composite insulators prepared by HTV SR are widely used in high-voltage circuits of the national power grid system (hang et al., 2023). Compared with ceramic insulators and glass insulators, the light weight of HTV SR insulators can significantly reduce the pressure on other components such as pylons and towers in high-voltage lines, ensuring their safety and operation (Shen et al., 2019).
However, the large number of inorganic fillers added during the preparation process of HTV SR is partially exposed on the surface. In addition, the surface of HTV SR shows a large number of tiny microstructure pores usually. Its hydrophilic properties and the accommodation-adsorption effect on water vapor makes the hydrophobicity of HTV SR insufficient. The contact angle of HTV SR is usually only in the range of 90–110o (Pan et al., 2022). When there is bad weather such as heavy rain and long-term humidity outdoors, the surface of the HTV SR insulator is prone to absorb water and even form a local water film, resulting in temporary loss of hydrophobicity, decrease of insulation strength, and even serious accidents such as flashover breakdown or explosion (Ullah et al., 2023). Therefore, it is of great significance to further improve the hydrophobicity of HTV SR materials.
At present, there are few studies on the hydrophobicity improvement of HTV silicone rubber. It is mainly achieved by increasing surface roughness or fluorination to reduce surface energy as reported in the literature (Gao et al., 2009; Peng et al., 2018; Peng et al., 2019). Hu et al. (2022) reversibly swelled the HTV SR, then used the sol–gel method to grow flower-like ZnO nanoparticles in situ on the HTV SR surface, and finally obtained a hydrophobic surface by increasing the roughness. Hu et al. (He et al., 2023) also prepared hydrophobic HTV SR materials by growing in situ polyacrylamide-coated titanium dioxide on its surface by sol–gel method. He et al. (Hu et al., 2021) physically polished the surface of HTV SR first and covered it with a layer of polydimethylsiloxane and then used the surface inspergation to introduce silica powder to obtain a hydrophobic surface. Chen et al. (2022) etched the surface of HTV SR by femtosecond laser technology to form a small mastoid morphology on the surface to construct a micro-nanocomposite layer structure, which increased the surface roughness and effectively improved the hydrophobicity of HTV SR. Gao and Zhou (2013) used the coupled plasma technology to treat the surface of SR, and the hydrophobic modification was carried out on the surface of HTV SR by etching and fluorination of low-temperature plasma. The existing preparation methods have a good effect on improving the hydrophobicity of HTV SR. However, the method of increasing the roughness by growing nanoparticles in situ on the surface of HTV SR has the problem of weak bonding of inorganic particles to the HTV SR matrix, and the introduction of inorganic particles by inspergation is not evenly distributed. The methods of swelling, polishing, or etching on the surface will cause certain damage to the surface of HTV SR. For example, Wang et al. (2016) carried out direct fluorination etching of HTV SR by introducing F2 gas into the reactor, only to find that the hydrophobicity increased significantly but the thickness of the HTV SR decreased by nearly 46%. A large number of destructive gullies appeared on the surface that significantly reduced the original mechanical properties of HTV SR. In addition, the existing process to enhance the hydrophobicity of HTV SR is technically complex, expensive, and inconvenient to operate, which has non-negligible limitations for its large-scale applications.
Functional modification of inorganic surfaces by silane coupling is widely applied to improve its hydrophobicity in the field of surface chemistry. However, generally, the modified object by this method is nanoparticles or solid powders. This method directly employed to improve the hydrophobicity of the HTV SR polymer product has not been reported. In view of the fact that plenty of hydroxyl groups exist on the surface of HTV SR due to the self-characteristics of silicone rubbers and also the large number of exposed inorganic particles, the hydrophobic silane coupling agents can be used to modify the surface of HTV SR to improve its hydrophobicity by coupling grafting reaction. There are many kinds of silanes used to modify the inorganic particles. Amino silane is the most common one due to its excellent improvement of interfacial compatibility between the organic and inorganic phases. In contrast, fluoro silane contains plenty of fluorine atoms with low surface energy and can also be considered as a good alternate option for the improvement of hydrophobicity of inorganic particles. The introduction of pernuoro organic long chains with low surface energy characteristics to coat the inorganic particles on the surface of silicone rubber can effectively improve the hydrophobicity of HTV SR. In this work, the effects of coupling agent type, coupling reaction conditions, and other factors on the contact angle and water absorption of HTV SR were investigated. The surface microstructure and composition of fluorinated coupling-modified HTV SR were studied using Fourier-transform infrared spectroscopy (FTIR) and SEM analysis; the effects of fluorination degree on the mechanical properties and thermal stability of HTV SR were analyzed; and the mechanism was explored.
2 MATERIALS AND METHODS
2.1 Materials
HTV SR was provided by China Southern Power Grid Co., Ltd. 3-Aminopropyl triethoxysilane (analytical reagent), perfluorooctane trichlorosilicon (analytical reagent), and sodium hydroxide (analytical reagent) were purchased from Shanghai Aladdin Biochemical Technology Co. Ltd., and the deionized water was self-manufactured.
2.2 Preparation process
Pure HTV silicone rubber was cut into 2 × 10 × 0.5-cm sized silicone rubber sheets, ultrasonically cleaned for 10 min to remove dust and stains on the surface, and then was placed in 100 mL of ethanol–water mixture (8:2, v/v). The mass concentrations of the coupling agents with different contents and types were 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 wt%. NaOH aqueous solution (1 mol/L) was added dropwise to adjust its pH value to 8.0 and then the temperature was raised to 30, 40, 50, 60, 70, and 80°C, with continuous stirring for 2, 4, 6, 8, and 10 h, respectively. After the reaction, the HTV SR sheet was picked up, washed, and dried to obtain hydrophobic coupling-modified HTV SR.
2.3 Testing and characterization
Contact angle analysis: The hydrophobicity of the prepared hydrophobic modified HTV SR was tested by OCA20 optical video measuring instrument (German Dataphysics). The contact angle was averaged by taking five µL of ultrapure water and dropping it onto the surface of the silicone rubber material at five different locations.
Water absorption rate: The hydrophobic coupling-modified HTV SR was fully dried and its mass was weighed. Then it was soaked in deionized water for 24 h at room temperature, and the water on the surface was wiped with filter paper; the mass change was tested to calculate the water absorption.
SEM analysis: The prepared hydrophobic modified HTV SR material was ion sputtered and sprayed with gold for 1 min and its microstructure before and after coupling modification was observed by TM3030 scanning electron microscope (Hitachi, Japan) at ×1,000 magnification. The test used thermionic electron source, backscattered electron detector, and 15 kV accelerating voltage.
Energetic dispersive spectroscopy (EDS) analysis: The Sigma 300 (German ZEISS) scanning electron microscope was used to analyze the distribution and relative content of the four elements C, O, F, and Si on the surface of the silicone rubber material before and after coupling modification with mapping mode. The test used SE2 secondary electronic detector, Smartedx EDS, and Schottky field emission gun.
FTIR analysis: The Nicolet iS20 (Thermo Scientific, United States) Fourier-transform infrared spectrometer was used to analyze the structure of HTV SR before and after hydrophobic coupling modification. The test was conducted in ATR absorbance mode with a scanning range of 400–4,000 cm−1, a scanning speed of 20 min−1, and a resolution ratio of 4 cm−1.
Mechanical properties: The mechanical properties of the prepared hydrophobic modified HTV SR were tested by AGS-X-50N Electronic Universal Testing Machine (Shimadzu, Japan) with a tensile rate of 200 mm/min.
Thermogravimetric analysis: Approximately 10 mg material was cut from the whole HTV SR sample by a blade, and its thermal stability was tested by Discovery TGA 550 thermogravimetric analyzer (TA, United States) in a nitrogen atmosphere, with a temperature range of room temperature to 700°C and a temperature increase rate of 10oC/min.
3 RESULTS AND DISCUSSION
3.1 Coupling modification mechanism of hydrophobic HTV SR
Pure HTV SR system contains a large number of inorganic particle fillers, most of which are SiO2 and Al(OH)3. Some inorganic particles are exposed on the surface of the silicone rubber sheet and make the poor hydrophobicity of the silicone rubber surface (Zhang et al., 2017; Vazirinasab et al., 2019). There are plenty of hydroxyl groups on the surface of inorganic particles and SRs. It can be modified by coupling reaction to improve its hydrophobicity by introducing a large number of hydrophobic alkyl chains. As shown in Figure 1, the modification mechanism of the two coupling agents, perfluorooctane trichlorosilicon and 3-aminopropyl triethoxysilane, is shown respectively. The chlorine group of perfluorooctane trichlorosilicon and the ethoxy group of 3-aminopropyl triethoxysilane are easily hydrolyzed in alkaline solution to form silicon hydroxyl, which can react with a large number of hydroxyl groups on the surface of HTV SR. The two can form Si-O-Si chemical bonds through condensation reaction, thus coating hydrophobic organic alkyl chains on the surface of HTV SR. As seen in Figure 1, after modified by perfluorooctane trichlorosilicon, many F atoms are introduced onto the surface of HTV SR. So, this modified material is marked as F-HTV SR. Contrastingly, many H atoms cover the surface of HTV SR after modified by 3-aminopropyl triethoxysilane. So, this modified material is marked as H-HTV SR.
[image: Figure 1]FIGURE 1 | Coupling modification mechanism of the HTV SR surface.
3.2 Contact angle analysis of hydrophobic modified HTV SR
3.2.1 Effect of coupling time on contact angle
The hydrophobicity of the silicone rubber surface grafted with different coupling agents was characterized by contact angle analysis, as shown in Figure 2, which is the effect of coupling modification time on the contact angle. It can be seen from the figure that the neat HTV SR (0 h point) showed relative low contact angle. With the extension of the modification time, the water contact angle of HTV SR material increases gradually and reaches the maximum at 4 h and then decreases. This may be due to the low grafting rate of organic alkyl chains when the coupling reaction time is short, and the hydrophobicity improvement of silicone rubber is not obvious. When the coupling modification time is too long, part of the SiO2 particles on the surface of the silicone rubber material dissolve in the NaOH solution to form sodium silicate, so that the grafted organic hydrophobic alkyl chain decrease, and the contact angle is reduced. It can be seen from the figure that the optimal coupling modification time of the two coupling agents is 4 h. Among them, the contact angle of silicone rubber grafted with perfluorooctane trichlorosilicon was increased by about 15.70%. In contrast, the contact angle of silicone rubber grafted with 3-aminopropyl triethoxysilane only was increased by 5.45%, and at any same coupling reaction time, its improvement on contact angle is significantly lower than that of perfluorooctane trichlorosilicon.
[image: Figure 2]FIGURE 2 | Effect of coupling reaction time on the contact angle of HTV SR (0 h = neat HTV SR).
3.2.2 Effect of coupling temperature on contact angle
The effect of coupling modification reaction temperature on the contact angle of the silicone rubber surface was further investigated. As shown in Figure 3, with the elevation of the reaction temperature, the grafting reaction of the silane coupling agent was speeded, the grafting rate of the hydrophobic silane long chain on the surface of the silicone rubber was increased, and its hydrophobicity increased significantly which reached the maximum at 60°C. However, with the further elevation of the reaction temperature, the contact angle of the silicone rubber gradually decreased instead. This was possible because of the existence of competition between the coupling grafting reaction on the surface of silicone rubber and the etching reaction of alkali solution on silicone rubber during the process. When the reaction temperature was low, the reaction system was dominated by the coupling grafting reaction, which showed positive hydrophobic effect. However, at high temperatures, the etching reaction of the alkali solution was significant and the coupling reaction between coupling agents was enhanced, resulting in a reduction of grafting reaction on the surface of the silicone rubber, which showed a negative effect of hydrophobicity. It can be seen from the figure, the optimal coupling modification reaction was at 60°C. In addition, at any same coupling reaction temperature, the enhancement effect of perfluorooctane trichlorosilicon on the contact angle of silicone rubber was significantly better than that of 3-aminopropyl triethoxysilane.
[image: Figure 3]FIGURE 3 | Effect of the coupling reaction temperature on the contact angle of HTV SR.
3.2.3 Effect of coupling agent dosage on contact angle
The concentration of the coupling agent in the reaction system also affects its grafting rate, thus affecting the hydrophobicity of the surface of silicone rubber. The contact angle of the surface of silicone rubber at different coupling agent dosages was shown in Figure 4. Compared with pure HTV SR, as the amount of coupling agent increases, the contact angle of the SR surface showed a trend of decreasing first, then increasing and reaching a steady level. This may be due to the fact that when the coupling agent content was low, there was little grafting modification reaction of the coupling agent in the reaction system, and the etching reaction of the alkali solution on the silicone rubber played a dominant role, resulting in the decrease of the contact angle of the silicone rubber and the deterioration of its hydrophobicity. With the gradual increase in the amount of coupling agent, the graft modification reaction of the coupling agent in the reaction system increased and gradually played a leading role and the hydrophobicity enhanced significantly. With the continual increase in the amount of coupling agent, limited by the grafting active sites on the surface of the silicone rubber, the grafting of silane chains reached saturation. Then the contact angle was no longer increased and the hydrophobicity of HTV SR reached stable. It can be seen from the figure that the hydrophobicity of the system grafted with perfluorooctane trichlorosilicon and that grafted with 3-aminopropyl triethoxysilane reached the maximum when its dosage was 0.5% and 0.7%, respectively. Similarly, at the same amount of coupling agent, the contact angle of silicone rubber grafted with perfluorooctane trichlorosilicon was higher than that of the system grafted with 3-aminopropyl triethoxysilane. The possible reason was analyzed to be the difference of their composition and structure. In contrast, the molecular chain length of 3-aminopropyl triethoxysilane was shorter and its coating function on inorganic particles was limited. However, the molecular chain length of perfluorooctane trichlorosilicon is longer and the H atoms on its methylene group are all replaced by the most electronegative F atoms. The bonding energy of the C-F bonds is significantly higher than that of the C-H bonds. The shielding effect of the F atom electron cloud to the C-C bonds is stronger than that of the H atom. The electrons in the C-F bond are tightly bound around the nucleus, thus the surface energy of the silicone rubber is significantly reduced (Zhou et al., 2020; Yang et al., 2021) and the hydrophobicity is greatly improved after the grafting of perfluorooctane trichlorosilicon. Therefore, the HTV SR grafting modified with perfluorooctane trichlorosilicon is used as the research object in the subsequent study.
[image: Figure 4]FIGURE 4 | Effect of the coupling agent content on the contact angle of HTV SR (0.0% = neat HTV SR).
3.3 Water absorption of hydrophobic modified HTV SR
The effect of different coupling modification conditions on the water absorption of HTV SR is shown in Figure 5. The abscissa axis with different colors indicates the different modification times, modification temperatures, or modifier dosages. The hydrophilicity/hydrophobicity of the surface of HTV SR significantly changed due to the coupling grafted modification, which also has a significant effect on its water absorption. From the diagram, it can be seen that compared with pure HTV SR, the water absorption rate of HTV SR after coupling modification showed a certain degree of reduction. In addition, the effect of coupling agent type showed that the water absorption of HTV SR grafted with perfluorooctane trichlorosilicon was lower than that grafted with 3-aminopropyl triethoxysilane under the same conditions, which further indicated that perfluorooctane trichlorosilicon had a better effect on the improvement of the hydrophobicity of the HTV SR surface. The water absorption of the fluorinated HTV SR reached the lowest at the fluorinated coupling time of 4 h, the reaction temperature of 60°C, and the coupling agent dosage of 0.5%. This result was basically consistent with the results of contact angle analysis. The possible reason was analyzed and deduced to that the surface of HTV SR was covered with a layer of organic hydrophobic chain after the fluorinated grafting, which showed a certain repulsion function to water and thus led to a decrease in water absorption. In addition, after fluorinated coupling modification, the large number of micropores on the surface of HTV SR disappeared and thereby losing the ability to accommodate water, leading to the decrease in water absorption.
[image: Figure 5]FIGURE 5 | Effect of the coupling modification condition on water absorption of HTV SR: (A) Time, (B) Temperature, (C) Content.
3.4 Microstructure analysis of hydrophobic modified HTV SR
The effect of coupling modification on the microstructure of HTV SR was observed by scanning electron microscopy. Figure 6 is the surface morphology of the silicone rubber under different coupling modification times. As can be seen from Figure 6A of neat HTV SR without any treatment, there is a large number of pore morphology on the surface of pure HTV SR. At the same time, a large number of exposed inorganic SiO2 fillers are clearly visible. After modification with coupling agent, its micromorphology changed obviously. When the coupling modification time was short (Figure 6B), the degree of grafting and etching reactions was low and the morphology of HTV SR hardly changed. The comparative example with NaOH only showed a similar microstructure with that of silane/NaOH mixed system. With the extension of the coupling modification time (Figure 6C), its morphology changed significantly and the large number of holes on the surface gradually disappeared. When the reaction time came to 6 h, the obvious holes were basically difficult to be observed and the surface structure became dense (Figure 6D). This might be due to that the etching reaction gradually played a leading role with the extension of coupling reaction time and thus the silicone rubber around the holes was etched. At the same time, the pores would be filled with the byproducts generated during the etching reaction process. Thus, the surface of HTV SR became smooth and dense after modification.
[image: Figure 6]FIGURE 6 | Effect of coupling reaction time on the microstructure of the HTV SR surface: (A) 0 h, (B) 2 h, (C) 4 h, (D) 6 h, (E) 8 h, and (F) 10 h).
The effect of different coupling reaction temperatures on the surface morphology of HTV SR was further observed. As shown in Figure 7, the microstructures of the silicone rubber modified at different coupling temperatures were similar. The surfaces were relatively smooth and dense and the holes were rare or even difficult to be observed. This phenomenon was consistent with the effect of the reaction time. With the increase of reaction temperature, the surface morphology of the silicone rubber did not changed evidently and no obvious difference could be observed.
[image: Figure 7]FIGURE 7 | Effect of the coupling reaction temperature on the microstructure of the HTV SR surface: (A) 30°C, (B) 40°C, (C) 50°C, (D) 60°C, (E) 70°C, and (F) 80°C.
The micromorphology of the HTV SR surface under different coupling agent dosages was further observed. As shown in Figure 8, the pure HTV SR (Figure 8A) showed a porous and rough structure. When the amount of coupling agent was low, the amount of micropores on the surface of grafted SR was decreased (Figure 8B). With the further increase of the amount of coupling agent in the reaction system, the holes on the microsurface of the silicone rubber disappeared gradually (Figure 8C). When the amount of coupling agent was high, the holes on the surface of silicone rubber were even difficult to be observed (Figure 8D). The grafting and coating of a large number of hydrophobic silane long chains on the surface was also benefited to the smooth surface of the silicone rubber.
[image: Figure 8]FIGURE 8 | Effect of the coupling agent content on the microstructure of the HTV SR surface: (A) 0.0%, (B) 0.1%, (C) 0.3%, and (D) 0.5%.
SEM-EDS technique was used to analyze the element distribution of HTV SR surface before and after fluorination modification. The surface element distribution of pure HTV SR was shown in Figure 9A. It can be seen from the figure that the main elements on the surface of pure HTV SR were C, O, and Si element, which accounted for the vast majority. The detection of the small amount of F element may be due to the introduction during the test process or the addition of F-containing additives in the preparation process of pure HTV SR. It can be seen that the distribution of F element is uniform. In fact, it is not surprising that the functional modification is taken place on the whole rubber surface because of the relatively uniform distribution of inorganic fillers in HTV SR materials. In contrast, the F content of fluorinated HTV SR significantly increased. As shown in Figure 9B, where the C, O, and Si were still the main elements presented, but the relative content of F element increased from 0.52% to 2.75%, which was mainly due to the grafting of perfluorooctane trichlorosilicon coupling agent on the surface of HTV SR. Perhaps, the true content of fluorine atom may be not very accurate due to the defect of test method, but the variation tendency of fluorine in the surface of HTV SR is reliable. In addition, after fluorination modification, the relative content of C on the surface of HTV SR increased from 25.92% to 30.38%, while the relative content of O and Si decreased from 43.33% to 30.23%–39.70% and 27.17%, respectively. The big change in the C content perhaps resulted due to the cracking of hydrocarbons and subsequent deposition of carbon on the surface of the investigated samples.
[image: Figure 9]FIGURE 9 | Element distribution of EDS analysis on the HTV SR surface before and after fluorinated coupling modification. (A) Neat HTV SR and (B) F-HTV SR.
3.5 Structural analysis of hydrophobic modified HTV SR
According to the analysis of the contact angle results mentioned before, it can be seen that the hydrophobicity of the surface of the silicone rubber was most enhanced when perfluorooctane trichlorosilicon was used as the coupling agent under the conditions of 4 h of coupling reaction time, 60°C of temperature, and 0.5% of coupling agent. Therefore, FTIR was used to analyze the surface structure of HTV SR before and after coupling modification under optimal reaction condition. As shown in Figure 10, for pure HTV SR and F-HTV SR grafted with perfluorooctane trichlorosilicon, the characteristic absorption peaks for -OH, -CH2-, Si-CH3, and Si-O-Si groups appeared at 3,500, 2,965, 1,263, 1,023, and 799 cm−1 in the FTIR spectra, respectively, which indicated that the coupling and grafting modification did not affect the main molecular chain structure of the silicone rubber. In addition to these main absorption peaks, the IR spectra of F-HTV SR showed several new absorption peaks at 2,917.38, 2,849.39, 1,556.49, 1,470.91, 1,380.39, 1,339.41, and 1,320.98 cm−1 with different intensities. The absorption peaks at 2,917.38 and 2,849.39 cm−1 corresponded to the absorption peak of -CH on the molecular chain of perfluorooctane trichlorosilicon coupling agent. The peaks at 1,556.49, 1,470.91, 1,380.39, 1,339.41, and 1,320.98 cm−1 were attributed to the vibration absorption peaks of C-F on the molecular chain of perfluorooctane trichlorosilicon coupling agent (Yu et al., 2020). The FTIR results showed that the hydrophobic perfluorooctane trichlorosilicon molecular chain was successfully grafted onto the surface of HTV SR by coupling modification reaction.
[image: Figure 10]FIGURE 10 | FTIR spectrum of HTV SR before and after fluorinated coupling modification.
3.6 Mechanical properties of hydrophobic modified HTV SR
The mechanical properties of hydrophobic modified HTV SR are important parameters for its application feasibility. The stress–strain curves of HTV SR with different fluorination degrees were shown in Figure 11. It can be seen from the figure that the breaking strength of pure HTV SR was approximately 3.0 MPa and the elongation at break was about 210%. Ignoring the test error of the experiment, the breaking strength and elongation at break of the fluorinated silicone rubber did not change significantly. These results showed that the mechanical properties of HTV SR were hardly affected by fluorinated hydrophobic modification and was irrelevant with respect to the degree of fluorination. This may be due to the fact that although the etching reaction and grafting reaction occurred during the modification process, the degree of etching reaction was low and was just limited to the surface area. Thus, the overall mechanical properties of HTV SR were not significantly affected. The grafting reaction did not involve the silicone rubber molecular chain and its influence can be ignored. Therefore, it can be concluded that the fluorinated HTV SR showed a good mechanical stability.
[image: Figure 11]FIGURE 11 | Stress–strain curves of HTV SR with different fluorination degrees.
3.7 Thermal stability of hydrophobic modified HTV SR
The thermal stability of hydrophobic modified HTV SR is another important parameter for judging its application feasibility. The thermogravimetric analysis curves for low-fluorinated silicone rubber (LF-HTV SR), high-fluorinated silicone rubber (HF-HTV SR), and pure HTV SR are shown in Figure 12. It can be seen from Figure 12A that compared with pure HTV SR, the mass residual rate of fluorinated SR increased to varying degrees. This may be due to the slight etching of the surface layer of HTV SR under alkaline conditions during the fluorination grafting process that led to the slight increase of inorganic component related content. The mass residual rate of the HF-HTV SR was lower than that of LF-HTV SR. This may be due to the grafting of a certain amount of perfluorooctane trichlorosilicon coupling agent molecular chain which will increase the relative content of the organic component on the surface. In addition, it can be seen from Figure 12A that the thermal decomposition process of HTV SR can be divided into two stages. The first stage from 150°C to 360°C was the decomposition of side chains such as -CH3, -CH = CH2 on the silicone rubber molecular chain. The second stage from 360°C to 600°C was the decomposition of Si-O bonds on the main molecular chain of SR. The derivative TG (DTG) curve of Figure 12B showed that the two pyrolysis stages were very evident. According to the DTG curve, the thermal performance parameters such as the initial decomposition temperature (Tinitial) and maximum degradation rate temperature (Tmax) of modified HTV SR with different fluorination degrees in each pyrolysis stage can be obtained. The results of Figure 12B show that the degree of fluorination had slight effect on the thermal stability of HTV SR and the Tinitial and Tmax of each pyrolysis stage were almost the same. However, compared with pure HTV SR, the Tinitial and Tmax of HTV SR after fluorination increased to a certain extent in each pyrolysis stage, indicating that its thermal stability improved. This may be due to the etching effect in the process of fluorination coupling grafting, which led to the increase of inorganic phase content in the surface layer, and limited the movement of HTV molecular chain and improved the thermal stability.
[image: Figure 12]FIGURE 12 | TG analysis of HTV SR with different fluorination degrees. (A) TG curve and (B) DTG curve].
4 CONCLUSION
There were a large number of inorganic particles and micropores exposed on the surface of pure HTV SR materials generated during the vulcanization preparation process, leading to its poor hydrophobicity. To improve the hydrophobicity of HTV SR, the coupling grafting reaction between silane coupling agent and inorganic particles was carried out to modify and graft hydrophobic organic chains on its surface, thus improving the hydrophobicity of HTV SR by one-step coupling modification. The optimum coupling reaction conditions were determined by investigating the effects of coupling agent type, coupling reaction temperature and time, and coupling agent dosage on the contact angle and water absorption of HTV SR. The effects of coupling modification on the surface morphology and surface element distribution of HTV SR were studied. The structural composition was analyzed by FTIR. The effects of coupling modification on mechanical properties and thermal stability of HTV SR were studied. The results showed that pure HTV SR had poor hydrophobicity. After coupling and grafting modification, its contact angle increased significantly. When the optimum coupling reaction conditions were 60°C of reaction temperature, 4 h of reaction time, and 0.5% of coupling agent dosage, the contact angle of modified HTV SR reached the maximum. Due to the large number of fluorine atoms with low surface energy for perfluorinated coupling agent, the hydrophobicity of HTV SR after fluorination coupling modification was more significant when compared to that after fluorination with the aminopropyl coupling agent. During the process of hydrophobic modification, there were both etching reaction and coupling grafting reaction on the surface of HTV SR. Because of the combined action of etching reaction and coupling grafting reaction, the large number of pores disappeared and the surface of HTV SR became smooth and dense after the modification, which improved the hydrophobicity and reduced water absorption significantly. The C-F absorption peaks appeared on the FTIR spectra for fluorinated HTV SR. Elemental analysis showed that the fluorine content on the surface of HTV SR increased significantly after fluorination coupling modification. The degree of fluorination had little effect on the stability of fluorinated HTV SR with slightly improved thermal stability and basically unchanged mechanical properties.
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