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Abstract:



Performance textiles that protect human from different threats and dangers from environment are in high demand, and the advancement in functionalization technology together with employing advanced materials have made this an area of research focus. In this work, silicone rubber and environmentally friendly fluoropolymers have been employed to explore superomniphobic surface on cotton fabrics without compromising comfort much. It has been found that a cross-linked network between the rubber membrane and the fluoropolymers has been formed. The surface appearance, morphology, handle, thickness and chemical components of the surface of cotton fabrics have been changed. The coated fabrics showed resistance to water, aqueous liquid, oil, chemicals and soil. The comfort of the coated fabrics is different to uncoated cotton fabrics due to the existence of coated layers on the surface of cotton fabrics. This work would benefit the development and design of the next generation of performance textiles with balanced performance and comfort.
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1. Introduction


Protective clothing has been developed to help humans withstand hazards and threats from environment (cold, hot, wind, water, soil, gas, etc.) or other sources (fire, explosion, corrosive chemicals, pollution, etc.) [1,2]. With different products developed, protective clothing with a single function, such as being flame retardant [3,4], water repellent/superhydrophobic [5], oil repellent [6], self-cleaning [7], or with cold protection [8], chemical protection [7] and moisture management, has been widely developed to serve customers in different areas [3,9]. Recent research and development are focusing on multiple protection of performance textiles [10], among which the exploration of the omniphobic surface of textiles has been regarded as the key to develop textiles that protect skin against chemicals, oils and lubricants [11].



The development of new fibers and/or the functionalization of current fibers are the pathways to advance technology towards the next generation of performance textiles. High performance fibers are developed with their intrinsic properties being to fulfill the heat and fire protection needs, such as protective clothing, commercial fabrics used in liners, curtain and transport materials, medical and military garments [12], Kevlar for ballistic resistance [13], carbon fiber [14] and nanofibers [15]. However, most protection would need a special fabric surface with special surface and interface function. Much attention has been put on the functionalization of fabric surface for the development of performance textiles, and different technologies have been developed including plasma-enhanced chemical vapor deposition [16], plasma [17], grafting [18] and coating [19].



Coating is regarded as the most feasible and applicable technology for developing performance surface on fabrics. The coated materials and the chemical reaction together with the developed surface structure are the determining factors to the targeted performance. Easy conducting and feasibility of industrial application are the aims of developing coating technology, and thus robust coating technology including knife coating [20], dip coating [21], electrospining coating [22] and combined coating [23] have been developed. Due to the intrinsic properties of the coated materials, the coated layer usually exhibits a low surface tension to withstand different substances. Polyurethane, silicone rubber and fluorocompounds are the most widely used materials in functional coating of textiles [24,25]. The development of Gore-Tex®, in which the polytetrafluoroethylene (PTFE) film is used to functionalize textiles, has seen big success [26]. However, some fluorine-based substances, such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) of carbon chains greater than six, are restricted in functional coating of textiles due to the health issues these compounds cause to human. Related policy to ban the using of harmful fluoro-based compounds have implemented and searching for replacement of fluoropolymers is on the way of developing protective clothing [27]. In fact, recent research has contributed to environmental friendly fire repellent solutions for layer-by-layer coating or biomacromolecular assembly on cotton fabrics [28,29,30,31].



A superomniphobic surface of the coated layers on fabrics can withstand a series of agents, and this is usually achieved through the combination of materials and the combined action of different coating methods. Previous endeavors have found that the combination of polyurethane with polydimethylsiloxane and trimethylated silica exhibits versatile protection on cotton fabrics [20] and polycotton fabrics [32]. There are many environmentally friendly compounds for the coating of a superomniphobic surface, such as fluoropolymers oleophobol [33] and phobol and silane compound trimethylmethoxysilane (TMMS). The oleophobol® CPR is a C6-chemistry-based perfluorinated polymer compound, and it is superior to the previously used C8-based fluorocarbons that release PFOS and PFOA. In addition, the phobol® CP-C is a fluorine-efficient short-chain C6 chemical repels. This work focused on the combined coating of silicone rubber membrane and environmental friendly fluoropolymers to develop the superomniphobic surface on cotton fabrics. The coated fabrics were characterized by chemical analysis, handle, morphology and protection against different agents including water, oil, aqueous liquid, chemicals and soil. Besides, the comfort of the coated fabrics was studied to better understand the effect of the coating on clothing development. The developed coating technology would benefit the development of the next generation performance textiles for versatile protection.




2. Experimental


2.1. Materials


Cotton fabrics (30 cm × 30 cm) were purchased from Bruck Textiles, Australia. Isys HPx was purchase from CHT Pty Ltd., Dandenong, Australia. Rubber membrane (SILASTIC 1951-200P, LSR), in paste form, was purchased from Dow Corning Europe S. A, Belgium. Invadine PBN, Kinttex® FEL, Phobotex RSH, Phobol® CP-C and Oleophobol® CP-C were purchased from Huntsman Singapore Pty Ltd., Gateway West, Singapore. Trimethylmethoxysilane (TMMS), Hexadecane and N-Decane were purchased from Sigma Aldrich Pty Ltd., Australia. Mineral oil was purchased from Johnson & Johnson Pacific Pty Ltd., Sydney, Australia. Acetonitrile, isopropyl alcohol and dichloromethane (Ana-R) were purchased from BDH Limited Poole, England. Sulphuric acids (98%) was purchased from RSL LAB SCAN Ltd., Bangkok, Thailand. Dimethylformamide was purchased for Merck, Germany. Sodium hydroxide was purchased from Chem Supply Pty Ltd., Gillman, Australia.




2.2. Methods


A conventional dipping-padding-knife-curing method [20,32] was applied to perform the coating on cotton fabrics (30 cm × 30 cm), as shown in Figure 1a. Fabrics were scoured in a MCS mini-jet dyeing vessel for 20 min at 60 °C. The solution in the vessel had a liquor ratio of 20:1 with w/v Triton X100. Scoured fabrics were rinsed in warm water and then in cold water. Rinsed fabrics were left overnight for hanging dry in an ambient environment. To impart hydrophobic properties on fabrics, various chemical coatings were applied on the fabric using an Ernst Benz Pad machine. Fabrics were passed through the machine at a pad speed of 2 m/min at 8 kPa/cm pressure. While padding, 10% solution of the chemical was applied and each fabric sample was passed through the pad three times to ensure even layering of the chemical on the fabric surface. These samples were then dried at 60 °C for 30 min and cured at 160 °C for 5 min.


Figure 1. Schematics of the pad-knife-pad-cure method (a) and the experimental design (b).
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At first, cotton fabrics (A) were padded with a single layer of the chemical solutions on fabric surface. As shown in Figure 1b, solution of 5 g/100 mL of Isy Hpx with 95 mL distilled water was applied on the fabric surface to test its reaction. The solution acted as a cation-crosslinking agent to network the repellent chemical layers on the fabric. A single layer of rubber membrane was coated on the padded fabrics by knife-edge coating method. The coating consisted of LSR (part a [90 g] + part b [10 g]) and was applied uniformly on the fabrics (B). Using the same padding method, fluoropolymers Phobol CP-C (10% Solution) and Oleophobol CP-C (10% solution) were applied on the fabric surface and a percentage pickup of the chemical after padding on the cotton fabric was calculated. The further padded fabrics were denoted as sample C and D, respectively. Alternatively, a double layer of TMMS + Phobol was padded onto the Isys Hpx padded fabric to make sample E.



In order to study the combination of rubber membrane and fluoropolymers, three different samples were prepared by applying multi-layer coating on surface of cotton fabrics (Figure 1b). It included triple layers of Isy Hpx + rubber membrane + Phobol (F), Isy Hpx + rubber membrane + Oleophobol (G) and Isy Hpx + Rubber membrane + TMMS + Phobol (H).




2.3. Characterization and Measurements


2.3.1. Scanning Electron Microscopy


A field emission scanning electron microscope (FESEM, Quanta™-200, Oxford, UK) was used to obtain the surface morphology of the coated and uncoated fabrics. The instrument was set at a pressure of 0.65 Torrs and a voltage of 20 keV at room temperature. The samples were prepared by sputter coating (IMBROSE, Spi A20015, Spi Supplies, West Chester, USA) a thin layer of gold particles.




2.3.2. Thickness


The thickness of the coated fabrics was calculated on a thickness meter according to the standard AS 4878.4-2001.




2.3.3. FTIR Spectroscopy


An attenuated total reflection Fourier Transform infrared spectroscopy (ATR-FTIR) spectrum was reported for each of the samples using a spectrophotometer (Perkin Elmer 400, Beaconsfield, UK). In the test, a piece of fabric was placed on the ATR crystal and the scanning was running with the range from 4000–650 cm−1.




2.3.4. Handle


The handle of the fabrics was conducted by a subjective evaluation of the physical properties of the fabrics by the sense of touch. The flexibility, thickness, luster and smoothness can be compared between different fabrics. The stiffness, surface friction and roughness were measured objectively on different testers according to specific testing standards. In specific, the stiffness rest was performed according to the standard ASTM D1388-14. Four specimens with the size of 25 mm × 75 mm were placed along the horizontal direction on the flat surface of the stiffness tester with its edge matched with right hand side of the tester marked as zero. The slide was then slightly moved for the specimen to touch the knife edge at an angle of 41.5°. The overhanging length of fabric was recorded as the bending length, and flexural rigidity was calculated from the bending length and the fabric weight accordingly. The surface friction and roughness were measured by the Kawabata evaluation system (KES). An automatic surface tester (Katotech Corp., Kyoto, Japan) was used to measure the fabric softness, shearing, bending, compression and surface friction and roughness. During the test, the parameter of tension was set as 20 gf/cm and the weight load was approximately 400 g. Three specimens with the size of 20 × 20 cm were tested from both warp and weft directions. The maximum sweep of fabric was 2.5 cm at a speed of 1 mm/s on the pile. The coefficient of surface friction (MIU), mean deviation of MIU (MMD) and geometrical roughness (SMD) were reported in µm. Each sample was measured by three times and the results were averaged.




2.3.5. Water Contact Angle


The water contact angle was measured on a contact angle system (Data physics, OCA20, Starnberg, Germany) at room temperature. A fixed needle was mounted 10 mm above the fabric sample and a droplet of 5 μL of ultra-pure water was placed on the fabric through the Milli-Q filtration system. Picture was taken to calculate the contact angle by the sessile drop method with each sample measured five times.




2.3.6. Oil Repellency


According to the standard AATCC 118:2013, three specimens (2 mm × 2 mm) were dipped into the beaker one by one and a 10.0 mL oil solution was placed on the fabrics to do the test. Observations were done at 45 degrees to the fabrics and photos were taken for all kinds of oils after 10 s and 600 s, respectively. Six types of oils were used, namely the paraffin oil in green color, castor oil in colorless, vegetable oil in yellow, n-hexadecane in blue color, n-decane in red color and n-heptane in orange color.




2.3.7. Aqueous Liquid Repellency


According to the standard AATCC 193:2012, a 10-µL droplet of isopropyl alcohol was dropped onto the three specimens (5 cm × 5 cm) in a Petri dish. Photos of the droplets were taken from a 45-degree angle to observe the repellency of the fabrics. The grade was recorded if the droplet was repelled after 10 s and 600 s, otherwise a zero was recorded if the droplet penetrated into the fabrics. Different percentages of water/alcohol mixture were used, namely the 98/2 W/A in orange color, 90/10 W/A in red color, 80/20 W/A in purple color and 60/40 W/A in yellow color.




2.3.8. Chemical Resistance


The chemical resistance test was performed to measure the chemical resistance of the uncoated and coated fabrics. Three specimens (2 mm × 2 mm) were placed in a Petri dish and three 10.0 μL droplets of the chemicals were placed on the fabric specimens. The resistance of chemicals was observed at 45° after 10 and 600 s, respectively. Sixteen types of chemicals were used to repeat the test. The time interval of each chemical was recorded in seconds otherwise zero means the chemical penetrated into the fabrics.




2.3.9. Soil Resistance


The soil resistance was measured with the stain on the fabrics, according to the standard method AATCC-130-2015 with minor change of replacing oil (corn oil) with water. Soil particles (5.0 g) were dissolved into 5.0 mL of water to make the solution. Three specimens with the size of 50 cm × 100 cm were used to determine the soil staining. The specimen was mounted on a glass slide at 45° with the help of paper clips. Soil resistance was measured into five grades of equivalent staining for 20 s by comparing the observed stain to the standard stains.




2.3.10. Laundering Test


According to the standard AATCC 61:2013(1A), the sample fabrics were washed by the AATCC reference detergent in a SDL Atlas Launder-O-meter at 40 °C with the presence of 10 steel balls. Each specimen was rinsed twice in deionized water followed by a drying process in an air circulating oven for 30 min. After 30 cycles of laundering, the water contact angle of the fabrics was tested to investigate the durability of the coatings.




2.3.11. Water Repellency


According to the standard AATCC 22:2010, a sample with the size of 180 mm × 180 mm was mounted between the test hoops to undergo spraying of 250 mL of distilled water for over 30 s and the spray rate was obtained.




2.3.12. Air Permeability


Air permeability was measured in accordance with the standard AS-2001.2.34:1990 on an air permeability tester (SDL Atlas Pty Ltd., Stockport, UK). The test was performed ten times at a pressure of 100 kPa, and a tube no-04 (L/min) with small orifice diameter of 2.8 cm2 was used.




2.3.13. Pilling Resistance


Pilling was measured by a Martindale Pilling Tester (IDM Instrument Pty Ltd., Hallam, Australia), in accordance with the standard ISO 12945-2:1998. The specimen and a foam were fixed in the given plates and the specimen was subject to rubbing for 50, 500, 1000 and 2000 cycles. After the completion of each pilling cycles, the water contact angle was measured to assess the durability of the coatings.




2.3.14. Thermal Resistance


A Sweating Guarded Hotplate (SDL Atlas Pty Ltd., Stockport, UK) was used to measure the thermal resistance (Rct) in accordance with the standard ISO11092:1993(E). Three specimens (30 cm × 30 cm) were placed on the measuring plate with the measuring unit temperature (Tm) 35 °C, air temperature (Ta) 20 °C, air circulation speed 1 m/s and RH 65%. The thermal resistance was reported automatically on the screen after the completion of the test.




2.3.15. Water Vapor Resistance


On the same sweating guarded hotplate (SDL Atlas Pty Ltd., Stockport, UK), the water vapor resistance (Ret) was measured according to the standard ISO11092:1993(E). The speed of the circulation air was 1 m/s in the chamber and the power consumed to maintain the temperature of the plate at 35 °C for 15 min was measure. The permeability index (Im) was calculated from the value of Rct/Ret.




2.3.16. Moisture Management Property


A SDL Atlas Moisture Management Tester (MMT) was used to measure the moisture management property of fabrics according to the standard AATCC-TM-195 (2009). The tested fabric (80 cm × 80 cm) was put on the test platform and a saline solution was penetrating from the top to the bottom of the fabric. The MMT profile of the fabric was then reported on an associated computer.






3. Results and Discussion


A three-layer coating was added on the surface of cotton fabrics followed by a curing process to initiate the crosslinking between the layers, as illustrated in Figure 2a the mechanism of the coating. The first padding of Isy Hpx added the crosslinking agent onto the cotton fabrics. The second and third steps of the coating added silicone rubber membrane and fluoropolymers onto the padded cotton fabrics, respectively. The following curing procedure was essential to initiate the crosslinking process, resulting in a crosslinked network with durability. Strong bonding between the CH3 groups of rubber and the CF2 groups of fluoropolymers has been established after the curing process, bringing durability of the coated layers. As a result, the surface appearance, morphology, handle, thickness and chemical components of the surface of cotton fabrics have been changed. Meanwhile, the protection of the surface has been enhanced with comfort compromised to a certain level.


Figure 2. (a) Schematics of the mechanism; (b) optical photos and SEM photos (scale bar = 100 µm); (c) thickness; (d) FTIR spectra.
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3.1. Characterization


3.1.1. Morphology


Figure 2b shows the optical photos of all the samples. It is evident that rubber coating has resulted in a membrane with shiny appearance on the surface of fabrics, as shown the optical photos of samples B, F, G and H. Whereas, the padding of fluoropolymers (samples C, D and E) have not affected the fibrous structure much as compared to uncoated cotton fabrics (sample A).



Scanning electron Microscope (SEM) photos have further confirmed the surface morphology of all the samples, as shown in Figure 2b. The typical morphology of cotton fibers is shown in the photo for sample A, indicating the convolutional ribbon profile of cotton. The samples padded with fluoropolymers (samples C, D and E) show clear fibrous structures, but the structure of these samples is more compact than that of sample A. The squeezing involved in the padding process has forced the fibers together with fluoropolymers impregnated into the fibrous structures, resulting in the compacted structure of the padded samples. On the other hand, samples B, F, G and H show a membrane on their surface with some fibers and particles, and the fibrous structure has been severely altered by coating of rubber. A quite uniform membrane has been formed on the surface of fabrics after coating with rubber, and it is evident that this layer will act as the barrier to withstand water, oil and chemical from penetrating onto the fabrics. Unfortunately, the membrane blocks the pores of the fibrous structure, and thus the comfort of the as-coated fabrics will be deteriorated accordingly.




3.1.2. Thickness


The thickness of coated fabrics is different from the uncoated fabrics depending on the coating methods and the as-coated materials. Figure 2c illustrates the thickness of cotton fabrics before and after different scenarios of coating (Figure 1b). The thickness of fabrics after padding usually decreases due to the squishing of the rollers, resulting in thinner fabrics with a more compact fibrous structure. As shown the thickness of samples C, D and E in Figure 2a, fabrics after padding ended up with a lower thickness no matter what fluoropolymers were used.



Knife coating usually results in a uniform membrane on fabric surface with a larger thickness. Cotton fabrics coated by rubber (sample B) show an evidence increase in thickness as indicated in Figure 2a. Further padding of fluoropolymers on the coated rubber surface would reduce the thickness a little bit due to the squeezing effect, so that the thickness of sample F and G is relatively lower than that of sample B. However, sample H shows the highest thickness due to the multilayer of fluoropolymers that were added onto the rubber surface.




3.1.3. Handle


The cotton fabrics exhibit different handle after the padding and coating processes. The stiffness of fabrics is different before and after coating. Cotton fabrics are flexible with a bending length of 2.2 cm and flexural rigidity 0.12 mg/cm, and this is due to the loose woven structure as shown in Figure 2b. Padding has ended up with a compact fabric structure for cotton fabrics as suggested by the SEM photos, thus the padded fabrics become inflexible, hard and more stiff [34,35]. As a result, the bending length and flexural rigidity for fluoropolymers padded cotton fabrics (samples C, D and E) are around 2.3 cm and 0.17 mg/cm, respectively. It is noted that the padding of fluoropolymers has not affected the stiffness much, considering the slightly changed stiffness. However, the coating of rubber has dramatic effect on the stiffness of cotton fabrics. The formation of rubber membrane within and on the surface of the fibrous structure has made the fabrics rigid and stiff. The bending length and flexural rigidity for rubber coated samples (B, F, G, and H) have been enhanced to 3.4–3.9 cm and 1.35–2.22 mg/cm. The coating of rubber plus Phobol (sample F) showed the highest stiffness.



The surface friction and roughness of cotton fabrics are also different after the coatings. The coefficient of surface friction (MIU) and geometrical roughness (SMD) of cotton fabrics (A) and fluoropolymer coated fabrics such as C, D and E are almost the same with the value change around 0.16–0.18 µm and 4.0–4.2 µm for MIU and SMD, respectively. It is evident that fluoropolymers coating has no obvious effect on the surface friction and roughness of cotton fabrics even though particles of fluoropolymers have been formed on the surface of fabrics. However, with rubber membrane coated (samples B, F, G and H), the surface friction together with geometrical roughness have been increased to 0.2–0.3 µm and 5.6–6.4 µm, respectively [36].




3.1.4. FTIR Spectra


The Fourier Transform Infrared (FTIR) spectra of all the samples are depicted in Figure 2d. The cotton fabrics (sample A) represent peaks around 2962 cm−1, attributing to the asymmertic and symmertic stretching of the C–H bond of the methyl group. The bands at 3400 cm−1 are assigned to the O–H stretching for vibration bonding. The rest bands at 1425, 1250 and 1072 cm−1 are due to the C–H bending, C–H and C–O–C stretching, respectively. Besides, the bands at 1740 cm−1 are attributed to the C=O groups of cotton fibers.



The cotton fabrics coated with rubber membrane (sample B) show the peaks at 1258, 1080, 1009 and 792 cm−1, crosspounding to the Si–CH3 and Si–O–Si groups of rubber. Individual spectra of phobol, olephobol and TMMS as seen in the Figure 2 (sample C, D and E) present clear peaks of CF and CF3 groups at around 1338 and 1208 cm−1, respectively. After the coating of rubber membrane combined with the fluoropolymers (sample F, G and H), the peaks for the functional groups of fluoropolymers (CF2 and CF3) have slightly shifted due to the formation of tri-fluoroacetic anhydride (–Si–CH2–CF3) as a result of their polymerzation reactions with cyclic organosilanes. Fluoropolymers have been involved to make the hydrophobic surface on cotton fabrics as shown in these FTIR spectra [16,20,21]. The CF2 and CF3 were deformed and mixed with other rocking bands at 1338 to 1330 cm−1. Other peaks in the range of 1100 to 650 cm−1 represent the bands of fluoropolymers combined with rubber. Overall, surface functionalization of fluorpolymers combined with rubber membrane has been evidenced by the FTIR spectra.





3.2. Protection


Due to the combined effect of fluoropolymers and rubber membrane, a superomniphobic surface has been created on the surface of the coated cotton fabrics. The developed performance fabrics showed excellent protection against water, liquids, oils, different chemicals and soil.



3.2.1. Water Contact Angle


Figure 3a illustrates the water contact angle (WCA) of all the coated cotton fabrics with the profiles of the water droplet on each fabric. Cotton fabrics are hydrophilic and a droplet of water can penetrate and sink into the fabrics within a second. The WCA of uncoated cotton fabrics is around 30–50°. The developed coating has apparently made the fabrics resistant to water, and the water droplets can stay on the surface of the as-coated fabrics (as shown the profiles of water droplets in Figure 3a). Coating of rubber has brought a membrane with particles onto the surface of cotton fabrics, the surface roughness has been enhanced and the surface energy been reduced. The WCA for rubber-coated fabrics is 141° as shown the sample B in Figure 3a. Fluoropolymers have very evident hydrophobic effect and the treated fabrics usually exhibit a water contact angle of around 150°. Phobol, oleophobol and TMMS-phobol were used to generate the surface roughness on cotton fibers, and the treated cotton fabrics show a water contact angle of 145° (C), 147° (D) and 142° (E), respectively. The combination of rubber membrane and fluoropolymers (phobol, oleophobol and TMMS-phobol) has resulted in a WCA of 142° (F), 144° (G) and 145° (H) for the coated cotton fabrics. The enhancement of WCA to cotton fabrics is due to the low surface tension and the roughness of the coated rubber and fluoropolymers.


Figure 3. Protection of the as-coated cotton fabrics against water and aqueous liquids: (a) WCA after laundering (Photos: WCA profiles); (b) WCA after pilling; (c) Water repellency and air permeability; (d) Aqueous liquid repellency; (e) Photos of droplets of aquous liquids on the surface of cotton fabrics (Water/alcohol ratios: Organge 98/2; Pink 90/10; Purple 80/20; Yellow 60/40).
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Durability of coating is the determine factor of the as-developed performance textiles, because the products are subject to different cycles of washing and different mechanical movements. Figure 3a shows the WCA of all the coated samples after different cycles of laundering. The coating of rubber shows excellent durability as the reduction of WCA is 7.0% even after 30 cycles of laundering. The durability of rubber coating is probably due to the excellent membrane forming properties of rubber which can withstand repeated washing. Fluoropolymers coatings show poor durability (samples C–E in Figure 3a), and the reduction of WCA is 11.7%, 15.0% and 12.0%, respectively. Fluoropolymers coating results in particles on the surface of cotton fabrics that bring hydrophobicity to the coated fabrics. However, the bonding between cotton fibers and the fluoropolymers is very poor. The poor durability of the fluoropolymers is due to the removal of the formed particles on the surface of cotton fabrics after washing. The combination of rubber and fluoropolymers (samples F–H) show enhanced durability, and the reduction of WCA is 7.0%, 9.7% and 10.3%, respectively. Compared with the reduction of WCA of fluoropolymers coating, the combination of rubber and fluoropolymers has enhanced the reduction of WCA by 4.7%, 5.3% and 1.7% for phobol, oleophobol and TMMS-phobol, respectively. As discussed in the mechanism, a cross-linked network has been formed between rubber and fluoropolymers after the establishing of the bonding between the CH3 groups of rubber and the CF2 groups of fluoropolymers. The cross-linked network is rather strong to withstand washing; thus, the combination of rubber and fluoropolymers shows enhanced durability.



Figure 3b shows the durability of the coated cotton fabrics after different cycles of pilling. All the samples show excellent durability against pilling, suggesting the strong adhesion between the coated layers and the cotton fabrics to withstand mechanical movements. The rubber membrane shows the best durability against pilling, as the WCA doesn’t change much even after 2000 cycles of pilling. Evident reduction of WCA can be seen for the coatings with fluoropolymers while the combination of rubber and fluoropolymers shows enhanced durability as expected. The cross-linked network between rubber and fluoropolymers has better durability when the coated fabrics are subject to pilling, and this is due to strong bonding within the network.




3.2.2. Water Repellency and Air Permeability


The hydrophobicity of cotton fiber and the porous fibrous structure make cotton fabrics a low water repellency of 50% [20]. The water repellency of the coated fabrics is much higher than that of cotton fabrics (Figure 3c), due to the surface hydrophobicity and the altered surface structure. Coating of rubber has resulted in a membrane on the surface of cotton fabrics, and thus the water repellency is as high as 80%. The rubber membrane is not absolutely waterproof, suggesting some pores exist within the membrane to allow the penetration of the 20% of the water. The water repellency of coated surface with fluoropolymers is 90% for sample C and D, and 80% for sample E. The lower surface tension of fluoropolymers shows excellent resistance to water as compare to the rubber membrane. Besides, the forming of particles on the surface of fabrics blocks some the pores of the fabrics, so that the water repellency has been enhanced. The combination of rubber and fluoropolymers has not contributed to the enhancement of water repellency further, and the repellency is 80% and even 70% for sample H. As the fluoropolymers have been coated on the rubber membrane rather than on the cotton fabrics, the pores from fibrous structures are just covered by the rubber membrane. The blocking effect from the formed particles is not as evident as sample C, D and E, resulting in a relatively lower water repellency.



The air permeability of cotton fabrics has been affected after coating, as the results show in Figure 3d. The pore size and the fibrous structure usually determine the air permeability or the breathability of the fabrics [15,37]. Cotton fabrics show the air permeability of 86 cm/s. The coating of rubber membrane on cotton fabrics has resulted in the air permeability of 70 cm/s. The decline of air permeability is due to the blocking of pores by the rubber membrane. Coating of fluoropolymers has created many particles to block the pores of cotton fabrics, thus the air permeability is similar to that of rubber coated one. However, sample E shows the air permeability of 50 cm/s as the TMMS-phobol has the maximum blocking effect to the pores within fibrous structure. On the other hand, the air permeability of the combination of rubber and fluoropolymers is similar to that of rubber or fluoropolymer coated ones. Since the fluoropolymers are coated on the surface of rubber membrane, the blocking effect from the formed particles are not evident as that on the surface of cotton fabrics.




3.2.3. Aqueous Liquid Repellency


Figure 3d shows the aqueous liquid repellency of cotton fabrics before and after coatings, and Figure 3e lists the photos of the aqueous liquids on the surface of cotton fabrics. Cotton fabrics are not resistant to any aqueous liquids and all the liquids penetrate into the firbous structure within several seconds. Due to the excellent hydrophobicity, the coated samples repel all the aquous liquids for 600 s. The lower surface tension of coated surface usually plays an improtant role in the resistance to aqueous liquid and chemicals [38]. The surface tension of aqueous liquids decreases from 59.0 to 25.4 dynes/cm with the increase of the alcohol/water ratio. As the surface tension of all the coated fabrics are much lower than this, thus all the aqueous liquids are expelled and a near-sphere droplets are shown in the photos of Figure 3e.




3.2.4. Oil Repellency


The oil repellency depends upon the surface tension of the coated surface. Uncoated cotton fabric have a high surface tension to enhance the absorbancy of liquids and oil, so that all the oils have penetrated into the fibrous structure as shown in Figure 4a. The rubber membrane and fluoropolymer have low surface tensions to reduce the surface tension of the coated cotton fabrics and thus enhance the oil repellency [20]. As shown in Figure 4a, all the coated cotton fabrics show excellent oil repellency and the oil droplets stay on the surface of fabrics for as long as 600 s. The oil with high surface tensions, such as castor oil 41.35 dynes/cm, paraffin oil 28.0 dynes/cm, n-hexadecane 27.5 dynes/cm, n-decane 23.5 dynes/cm and vegtable oil 26.8 dynes/cm are repelled by fluoropolymers and their combination with rubber-coated samples C-H. It is evident that the low surface tension of fluoropolymers (16.2–18.2 dynes/cm) brings the excellent oil repellency to the coated fabrics. Due to the closer surface tensions between n-heptane (19.8 dynes/cm) and the coated fabrics (18.2 dynes/cm), the n-heptane is not repelled by most coated fabrics except for sample E and H (16.2 dynes/cm) [6,39]. However, the difference in surface tension between TMMS (41.0 dynes/cm) [40] and n-heptane is high enough to grant the coated fabrics with repellency to n-heptane. On the other hand, rubber coated fabrics are not resistant to n-heptane and n-decane as shown in Figure 4a, and this is also due to their similar surface tensions. It is evident that fluoropolymers coating has a very evident effect on oil repellency [34,41].


Figure 4. Protection of the as-coated cotton fabrics against oil (a), chemicals (b) and soil (c).
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3.2.5. Chemical Resistance


Table 1 illustrates the chemical resistance of cotton fabrics to different chemicals, and Figure 4b shows the photos the droplets of some chemicals on the all the samples. Cotton fabrics are not resistant to chemicals due to the wettability of cotton, and all the chemicals have been absorbed into the fibrous structure immediately with wet marks left on the surface of fabrics.



Table 1. Chemical resistance (s) of uncoated and coated cotton fabrics.



	
Chemicals

	
Samples




	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
H






	
Acetic acids

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
Paraffin oil

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
Sodium hydroxide

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
n-hexadecane

	
10

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
Isopropyl alcohol

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
Castor oil

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
1,4 Butadiene

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
Dimethylformamide

	
0

	
600

	
600

	
600

	
600

	
600

	
300

	
600




	
Acetonitrile

	
0

	
600

	
600

	
600

	
600

	
600

	
600

	
600




	
n-decane

	
0

	
0

	
600

	
600

	
600

	
600

	
600

	
600




	
Methanol

	
0

	
10

	
600

	
600

	
600

	
186

	
570

	
600




	
Sulphuric acids

	
0

	
0

	
103

	
105

	
107

	
600

	
600

	
540




	
n-heptane

	
0

	
0

	
39

	
540

	
600

	
120

	
147

	
600




	
Triethylamine

	
0

	
10

	
535

	
26

	
10

	
540

	
23

	
45




	
Toluene

	
0

	
0

	
600

	
0

	
0

	
600

	
0

	
0




	
Dichloromethane

	
0

	
0

	
0

	
0

	
0

	
60

	
10

	
15




	
n-hexane

	
0

	
0

	
0

	
0

	
0

	
0

	
19

	
20




	
Tetrahydrofuran

	
0

	
0

	
0

	
0

	
0

	
18

	
0

	
0










The coated cotton fabrics are resistant to most chemicals except for dichloromethane, n-hexane and tetrahydrofuran. Due to the extremely low surface tension, fluoropolymers are more effective in resisting chemicals than rubber. Fluoropolymers-coated cotton fabrics show chemical resistance to n-decane, sulphuric acids, n-heptane, trimethylamine and toluene, while that of rubber-coated membranes is not resistant to these chemicals. Besides, the combination of rubber and fluoropolymers is slightly more effective than fluoropolymers. The combination of rubber membrane and fluoropolymers has generated an omniphobic surface to display the optimized chemical resistance as compare to the uncoated surface of cotton fabrics [7,11,20,32].




3.2.6. Soil Resistance


Soil resistance has been measured to analyze the self-cleaning property of the coated fabrics. Uncoated cotton fabrics are not resistant to soil solution as soil remains on the surface of fabrics as shown in Figure 4c. The soil particles stain on the surface, making it hard to remove them from the surface of the fabrics. All the coated fabrics show excellent soil resistance with an excellent grade 5, and all the soil particles have been absorbed on the tissue papers as seen in Figure 4c. The rubber membrane coated (sample B) and its combination with TMMS and phobol (sample H) are less resistant to soil with the grade 1. Together with the omniphobicity, the self-cleaning property bring the lotus effect to the coated fabrics [5,7,33], which will see a great application potential in protective clothing such as military uniform, mining uniform and outdoor sportswear.





3.3. Comfort


Comfort is another determining factor in developing performance textiles/protective clothing. The coated cotton fabrics show totally different comfort to the uncoated cotton fabrics as shown the results in Figure 5. The thermal resistance (Figure 5a) and water vapor resistance (Figure 5b) of fluoropolymers coated cotton fabrics is not evidently different compared to that of the uncoated cotton fabrics. It is thus evident that the blocking of pores by the formed particles slightly affects the thermal conduction and moisture transfer [42]. However, once rubber membrane is coated onto the surface of cotton fabrics, the thermal and water vapor resistance are so different.


Figure 5. Comfort analysis of the as-coated cotton fabrics: (a) Thermal resistance; (b) water vapor resistance with permeability index; (c) moisture management test (MMT) profiles.
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As seen from Figure 5a, the rubber-coated and the combined-coated samples show lower thermal resistances. Besides, the water vapor resistances of these samples are much higher than the rest (Figure 5b). In this case, the thermal conduction is mainly determined by the materials and the structure of the fabrics. The coating of the rubber membrane has an evident blocking effect on the surface of cotton fabrics, so that the conduction of heat and transportation of moisture (permeability index) through the pores have been blocked. The water vapor resistances of these fabrics are thus higher. However, the thermal conduction is also determined by the materials of the fabrics, and the coated rubber membrane has a higher thermal conduction capability to overweight the blocking of thermal conduction through the fibrous structure [42,43]. The overall thermal resistances of these fabrics are thus lower than the uncoated and fluoropolymers coated ones.



The moisture management property of cotton fabrics has been changed after the coating. The uncoated cotton fabrics show similar MMT profiles from the top and bottom surfaces, as shown in Figure 5c. Cotton fabrics have excellent wettability, and thus a droplet of water can easily penetrate and spread on both sides of the fabrics. However, the coated fabrics show totally different profiles with a droplet of water on the top surface and nothing on the bottom surface. This is due to the excellent superhydrophobicity of the coating that prevented the water from penetrating and spreading into the fabrics.





4. Conclusions


In the summary, a durable and superomniphobic surface was developed by the pad-knife-pad-cure coating of rubber membrane and fluoropolymers. The coating brought a thin membrane with a low surface tension and many particles to increase of surface roughness. The coated cotton fabrics were more rigid with a higher bending length, and were stiffer with higher KES values of surface friction and roughness. The coating resulted in a cross-linked network due to the strong bonding between the CH3 groups of rubber and the CF2 groups of fluoropolymers. The coated cotton fabrics showed a water contact angle of around 140–150°, and the superhydrophobicity was durable against different cycles of laundering and pilling. The coated fabrics repelled 80–90% of water with air permeability of around 70%, and all the aqueous liquids with different water/alcohol ratios were repelled from the coated surface. The coated cotton fabrics showed excellent oil repellency and chemical resistance as most oils and chemicals were repelled from the surface. However, oil and chemicals with closer surface tension to the coated surface were not resistant. The coated fabrics also showed soil resistance without staining of sands on the surface. Due to the existence of the coated layers, the coated fabrics showed decreased thermal resistance and increased water vapor resistance with quite different MMT profiles compared to the uncoated fabrics.
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