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Abstract

:

Coating materials with special surface wettability are widely applied in marine paint systems used in the naval industry to reduce the corrosion and viscous drag of seawater. However, traditional coatings are inefficient and limited, either by poor durability or insufficient anti-drag capacity. Here, inspired by the diving bell spider, a bionic superhydrophobic coating with multiscale hierarchical architecture was successfully prepared on the surface of aluminium alloy. It possesses excellent mechanical abrasion durability, chemical durability, and low adhesion. Remarkably, the water contact angles could remain over 150.9° after more than 15 abrasion cycles or strong acid/alkali conditions. In addition, the impacting water droplet lifted off the surface of bionic superhydrophobic aluminium alloy (BSAA) within 13 ms, illustrating an excellent low adhesion property. In fact, when the BSAA is immersed in water, it could absorb bubbles and form a gas membrane. The existence of the gas membrane could prevent water and anaerobic organisms from contacting and even corroding the BSAA. Meanwhile, the gas membrane acts as a lubricant and significantly deceases friction at the solid–liquid interface, reducing the drag for BSAA. The BSAA proposed in this work has broad application prospects, such as medical devices, microfluidic chips, gas separation and collection in water.
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1. Introduction


In the past few decades, to maximize the energy efficiency (like increasing the traveling speed and distance of underwater naval vehicles), and minimize the drag losses in fluid transport in pipelines, scientists have made gigantic efforts to develop strategies to reduce the corrosion and viscous drag of seawater [1,2,3], which accounts for a relatively high proportion of the total dissipation of well-designed underwater vehicles. To avoid the adhesion of aquatic organisms and the corrosion of seawater, marine vehicles are generally covered by superhydrophobic paint [4,5,6,7,8]. Generally, when the contact angle of the surface is greater than 90°, it is defined as a hydrophobic surface. In particular, when the contact angle is greater than 150° and the sliding angle (SA) is less than 10°, water droplets could maintain a spherical shape on the solid surface, which is called a superhydrophobic surface [9,10,11,12]. However, the conventional superhydrophobic paint focuses on enhancing the water-repellent performance solely, which neglects the physicochemical durability [6,13,14,15]. Therefore, superhydrophobic coating materials [16,17,18,19,20] are prone to be decimated or even fall off from the substrates [21], resulting in the invalidation of the water-repellent function, especially for marine vehicles working in harsh environments, such as deep sea and polar regions. Considering the above-mentioned challenges, the water-repellent function should be achieved by a structural design to replace traditional superhydrophobic paint [22,23,24,25], enhance the physicochemical strength, and further synergistically improve the anti-drag performance of superhydrophobic coating materials, which is in line with the developmental tendencies of superhydrophobic coating materials [26,27,28,29].



The effective integration of multiple properties into one material remains a tremendous challenge, which requires novel designs and thought-provoking mechanisms [30,31,32,33]. For structural design, as we all know, after millions of years of brutal evolution, creatures in nature have evolved diversified micro/nanostructures to realize a great number of optimized functions for adapting to varied environmental changes [34,35,36,37]. These biological materials with functional integration provide an enormous source of inspiration for the development of biomimetic materials [38,39].



The palearctic diving bell spider Argyroneta aquatica is a unique spider that lives and hunts among water plants in ponds, ditches, and lakes. Fine hydrophobic structures on the abdomen hold a thin layer of air, which enables the spider to breathe with its book lungs and tracheal system under water [40,41]. The shape of the abdomen is similar to that of rugby. Furthermore, the abdomen’s surface is completely covered by countless loosely stacked waterproof bristles. The base of the spider’s abdomen is distributed with corrugated groove-shaped microstructures, and a single bristle is embedded in a “socket” similar to a round hole, which plays a certain role in securing the bristles. However, the underlying mechanism is neither very clear nor unified. Moreover, no one has applied this structure to capture bubbles underwater so far [20,42].



Inspired by the multiscale hierarchical structure of the diving bell spider, a bionic superhydrophobic aluminium alloy (BSAA) with excellent mechanical abrasion durability, superior chemical durability, and low adhesion properties was prepared using the method of combing the spray coating and laser corrosion. Afterwards, the element distribution and morphology of the BSAA were studied with the help of an Energy Dispersive Spectrometer (EDS) and Scanning Electron Microscope (SEM). Then, the characteristics of mechanical abrasion durability, chemical durability, and adhesion were carried out systematically. The bubble capture capability of BSAA was proven by a self-built high-speed camera system. What is more, a set of optimized models were designed, and the nonwetting mechanism of the BSAA was investigated experimentally. In fact, when the BSAA was dipped in water, it could attract bubbles in the water and form a gas membrane. The gas membrane could prevent the water and anaerobic organisms from contacting and even corroding the BSAA. At the same time, the gas membrane could also significantly decease friction at a solid–liquid interface, reducing the adhesion and drag of water and anaerobic organisms for BSAA. The investigations in this work offer a promising way to handily design and fabricate quasi-textured surfaces with multiscale hierarchical structures that possess excellent durability and superior water-repellent capacity.




2. Materials and Methods


2.1. Materials


TiO2MPs (ca, 0.3 μm in diameter) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. 30 wt.% ammonium hydroxides were purchased from Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China. Hexamethyldisilane (HMDS) was obtained from Aladdin Reagent Co., Ltd., Shanghai, China. Tetraethyl orthosilicate was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Absolute ethanol (99.5%) was obtained from Beijing Chemical Works, Beijing, China. All of the chemical reagents were of analytical grade and were used without further treatment. All the aluminium alloys used in this work were purchased from Shenzhen Manlong Metal Products Co., Ltd., Shenzhen, China.




2.2. Preparation of Aluminium Alloy Substrates


The aluminium substrate, which had a geometry of 45 × 85 × 1 mm3, was ablated point by point by a picosecond pulse (PSP) laser (FB20-SBGZ, JonteLaser, Beijing, China). The microstructure was obtained with a diameter of 100 μm, a depth of 60 μm, and a spacing of 100 μm. The laser-processed surface was immersed in a water bath for heating. This stabilized the structure shape and size of the sample. Hence, a more obvious micro/nanostructure was formed on the surface.




2.3. Preparation of BSAA


The BSAA was prepared via a sample two-step process as systematically illustrated in Figure 1. The BSAA was obtained according to the following procedure: Initially, 1.0 g TiO2MPs and 0.5 mL ammonium hydroxide (30 wt.%) were added to 100 mL absolute ethanol which was heated at 45 °C for 2 h. Then, after reduced pressure distillation, 1.5 mL tetraethyl orthosilicate, and 3.5 mL HDMS, were poured into the above solution, and reacted at 45 °C for 12 h. Tetraethyl orthosilicate was decomposed to SiO2 under alkaline conditions, which was beneficial for the TiO2 wrapped in SiO2 to form the SiO2-TiO2 particles.



Moreover, the added HDMS could introduce methyl groups into newly emerging particles, which could effectively reduce the surface energy of the coating, resulting in superhydrophobicity. Afterwards, the mixture was centrifuged four times at 8000 RPM for 15 min each time and dried at 100 °C for three hours. The suspension was prepared as follows. An amount of 1.0 g grinded sediments was dispersed in 50 mL absolute ethanol by magnetic stirring for 10 min. Next, a transparent ER (0.6 g) solution was added into the as-prepared solution dropwise at room temperature, stirred for 10 min, and then the curing agent (0.2 g) was added. Subsequently, the suspension was sprayed three times on the aluminium substrate with the microstructure by an atomizer with a 1 mm diameter. The working distance between the atomizer orifice and the aluminium substrate was about 15 cm in this study. Finally, the sample was placed horizontally and dried at 60 °C for 120 min. The BSAA was successfully attained. Furthermore, the similar characteristics between the diving bell spider and the BSAA design were investigated and distinctly revealed, as shown in Figure S1.




2.4. Analysis and Testing Methods


2.4.1. Mechanical Abrasion Durability Test


Sandpaper (600 grid) with a standard weight (100 g) was used to abrade the coating [43,44,45,46]. The abrasion durability test was performed by pulling the sample back and forth, maintaining a distance of 10 cm above the horizontal sandpaper; this is a complete cycle test.




2.4.2. Chemical Durability Test


The chemical durability of the coating surface was tested using droplets with different acidity and alkalinity. Sodium hydroxide and hydrogen chloride were used to prepare the solution with a pH of 1–14. A contact angle measuring instrument (JC2000A, Biolin Scientific, Espoo, Finland) was used to observe this.




2.4.3. Underwater Bubble Adsorption Test


The bubble adsorption test was measured using an artificial bubble, utilizing a high-speed camera (V5.1, Phantom, New York City, NY, USA) which could capture the rising bubble. The air bubbles were released from 10 cm below the substrate.




2.4.4. Other Characterizations


The surface 3D morphology and roughness were observed by the Ultra-Depth Three-Dimensional Microscope (VHX-6000, KEYENCE, Tokyo, Japan).



The element distribution and morphology were analyzed by an Energy Dispersive Spectrometer (EDS) and Scanning Electron Microscope (SEM, JEOL Ltd., Tokyo, Japan).






3. Results and Discussion


3.1. Surface Chemical Composition and Morphology


An Ultra-Depth Three-Dimensional Microscope was used to observe the changes before and after spraying on the surface of the aluminium alloy substrate with microstructures. Figure 2a showed that the pits on the surface of the aluminium substrate were evenly distributed, with a diameter of about 100 μm and a spacing of about 100 μm. Around each pit, there were residues in the shape of a volcanic pile formed by laser etching. This was also an important reason for the formation of the micro/nanostructure of the BSAA. The pits with an average depth of 60 μm also left plenty of room for trapping bubbles. After spraying the coating, it could be seen from Figure 2b that the surface of the aluminium substrate was uniformly covered by the coating. The coating covered the gap between the pits and the surrounding volcanic pile structure, leaving a circular hole in the middle, which establishes the foundation for the formation of a gas film on the surface of the subsequent sample. Morphology was observed using the Scanning Electron Microscope on the surface coating in Figure 2c,d. The layered structure was composed of TiO2 MPs and SiO2 NPs. This could store a large amount of air in the micro/nanostructures, and the water droplets were suspended on the surface with the composite micro/nanostructures. The air prevented the water droplets from penetrating the solid surface and greatly reduced the contact area between the water droplets and the BSAA surface. As a result, the adhesion of the BSAA surface decreased, the dynamic contact angle appeared to be hysteresis, and the surface wettability presented a Cassie state with superhydrophobic properties. The roughness of the double-layer played a key role in the superhydrophobic properties of the coating. Figure 2e,f showed that the coating was mainly composed of C, O, Al, Si, and Ti elements, and the content of O, Si and Ti elements on the surface increased significantly. It could be seen from the content and composition of each element that the surface had been covered by low-surface energy materials.




3.2. Non-Wetting Mechanism


Figure 3a showed that the surface of the aluminium alloy had a distinct microstructure. The reason for the formation of these intricate micro/nanostructures was as follows: when the laser beam began to contact the material, the surface began to produce ablation, which was accompanied by the occurrence of an interference process. After applying laser energy, the molten metal could be modulated into energy stripes at the interface between the air and the substrate, and deposited on the metal surface, making the surface area of the molten metal periodic. In this process, due to the uneven energy distribution, the surface also formed part of the smaller nanostructure, and finally showed a periodic surface micro/nanocomposite structure surface. The micro/nano double-layer hierarchical structure on the prepared surface provided good conditions for the formation of a gas membrane when the aluminium alloy surface contacted the aqueous medium. In the Cassie–Baxter wetting model, it was assumed that the liquid droplet only contacted with the microstructure on the solid surface, that is, there was a small amount of air between the liquid and the solid, so that the liquid was suspended on the solid and air surface, as shown in Figure 3b. The characteristic contact angle in this state could be expressed by the following formula:


  c o s  θ r  =  f 1  c o s  θ 0  −  f 2   



(1)







   f 1    indicates the ratio of the contact area between the droplet and the solid surface to the total contact area of the droplet.    f 2    indicates the ratio of the contact area between the droplet and air to the total contact area of the drop.    θ r    represents the contact angle of the drop on the surface of the biomimetic metal aluminium (153.79°).    θ 0    indicates the contact angle of the drop on the smooth unprocessed surface (the surface contact angle of aluminium is 65.43°). Since    f 1  +  f 2     = 1,    f 1  = 0.0727   was obtained by calculation. The magnitude of this value indicated the fraction of the contact area between the liquid and the solid surface, that is, the solid surface at this time had less contact with water droplets. It could be seen from the calculation results that only 7.27% of the area of the water droplets was in contact with the bionic surface of the aluminium alloy, while the remaining area (92.73%) of the water droplets was in contact with the air. The results also further indicated that the micro/nanostructure prepared on the surface of the aluminium alloy substrate played a very important role in the superhydrophobic properties.




3.3. Mechanical Abrasion Durability, Chemical Durability and Low Adhesion of the Coating


Mechanical abrasion durability had always been one of the key issues faced by superhydrophobic materials. This work solved this problem by using epoxy resin (ER) as an adhesive. Figure 3c showed that during the entire mechanical abrasion durability experiment, the water contact angle (WCA) decreased significantly in the first six cycles. In the following ten experiments, the WCA on the sample surfaces were without obvious changes. This was because the newly exposed SiO2-TiO2 and ER restructured the roughness after the surface was abraded to achieve superhydrophobicity. After the test was performed 16 times, the superhydrophobic properties of the coating surface were lost.



The chemical durability of the coating surface was tested in Figure 3d. By configuring solutions with different pHs varying from 1 to 14, a 4 μL droplet with a different pH was added to samples for 10 min each time, and each test was repeated at least three times. With the help of a drop shape analysis instrument, the BSAA exhibited favorable superhydrophobicity with the contact angle of BSAA varying from 150.9 ± 0.66° to 156.3 ± 0.35°. This result confirmed that no matter how the pH value of the aqueous solution changed, the surface of BSAA could ensure the stable existence of superhydrophobic properties, which revealed that the pH value of the aqueous solution did not have much influence on the superhydrophobic surface of BSAA. In other words, it was feasible to select aluminium alloy as a functional material to prepare the superhydrophobic surface. Furthermore, as shown in Figure S2, the changes in the contact angle at a fixed time were analyzed, according to the pH and the time taken to decrease the contact angle by 10 degrees for each pH. In addition, the changes in the contact angle of the BSAA immersed in salt solution were also investigated. The concentration of the NaCl in water is similar to that of the South China Sea.



In order to check the liquid wetting behavior of the BSAA surface, a high-speed camera system was used to record the rebound dynamics of the water droplets. The diffusion process of droplets is shown in Figure 3e. When using a pipette to drop 5 ul of water droplets from 5 cm of height onto the surface of the BSAA, the whole process could be observed by utilizing the high-speed camera. The water droplet spread immediately after contacting the surface, and the water film spread to its maximum at 4 ms, then the droplet shrank rapidly and was completely removed from the surface at 13 ms. This showed that the BSAA had excellent superhydrophobicity and low adhesion.



Figure S3a,b demonstrated the morphology of the aluminium before and after the mechanical abrasion durability test. Figure S3c,d shown the morphology of the BSAA before and after the mechanical abrasion durability test. It could be concluded that the aluminium had a much more severe abrasion after the mechanical abrasion durability test compared with the BSAA case. In addition, Figure S4a,b shown the morphology of the BSAA before and after the chemical stability test. Figure S4c,d demonstrated the morphology of the aluminium before and after the chemical stability test. It could be found that the aluminium had a much more severe corrosion after the chemical stability test compared with the BSAA case.




3.4. Characteristics of Underwater Bubbles Adsorption


To study the gas membrane manipulation below the aluminium-based superhydrophobic surface in a water environment, the control state of the air bubbles beneath the aluminium-based superhydrophobic surface was observed by a self-built high-speed camera system in Figure 4.



The system inputs bubbles regularly through a stepper motor. Figure 5a illustrates a smooth hydrophilic aluminium-based surface underwater, a WCA about 65° in the air. It could be seen from Figure 5a and Video S1 show that the smooth aluminium alloy surface exhibited resists bubbles’ properties in an underwater environment. The bubbles appear as a quasi-spherical shape on the surface, with a contact angle of about 152°, and they could easily roll out of the surface. The bubble in the figure bounced and rolled quickly after hitting the aluminium alloy surface, which showed the resistance of the aluminium base to bubbles under water. Figure 5b and Video S2 displayed the state of the motion of the bubbles on the surface under different time conditions in an underwater environment. As observed in the Figures, when a bubble contacted the surface, the bubble would spread out rapidly within 5 ms. Until 15 ms, it become a stable state, and its contact angle reached 26°. BSAA showed the characteristics of affinity to bubbles. The main reason for the above phenomenon is the difference between the solid surface energy, and the liquid and the gas surface energy.



It is worth noting that two bubbles were stacked together to form a continuous gas membrane in Figure 5c. The pits on the surface of the aluminium base could effectively trap the bubbles and make the bubbles stably exist on the surface of the sample for a long time. We can say it reflects that multiple bubbles could form a gas membrane on the surface of the sample, instead of being independent of each other. Figure 5d showed the state of the sample after absorbing bubbles under water. A single bubble could maintain on the superhydrophobic surface for more than 8 s under water. When air bubbles were continuously inputted on to the superhydrophobic surface, at this time, a thin protective film of water could be formed on the surface, which was equivalent to that of the gas film wrapped in the entire aluminium-based sample, and created a lubricating effect on the surface. Therefore, the prepared superhydrophobic sample could effectively trap air bubbles in a water environment, which was very similar to the process that allowed the diving bell spider to breathe under water. Controlling the behavior of bubbles on solid surfaces in a liquid environment has broad application prospects, such as new medical equipment, microfluidic chips, and gas separation and collection in water. It also provides a reference experience for the promotion and application of underwater drag reduction.




3.5. Application Prospect of BSAA


This work can be applied to the field of ship navigation in the future. When a ship is sailing in the sea, the adsorption of a large number of marine anaerobic organisms on the navigation body can cause the hull to corrode and greatly reduced the service life. In this work, the gas membrane wrapped around the hull, which was due to the numerous multi-structures of superhydrophobic pits trapping air bubbles. Among them, the volcanic pile–structure of BSAA plays an important role in capturing the bubbles, as shown in Figure 6a. The gas membrane attached to this layer of the ship isolated the hull from the sea directly. As a result, the resistance was changed from solid-liquid contact to solid-gas contact, which greatly reduced the resistance of the ship. The adsorption of a large number of marine anaerobic organisms on the navigation body would cause the hull to corrode and greatly reduced the service life. in other words, in Figure 6b, the existence of the gas membrane prevented anaerobic organisms from contacting the hull, thus preventing the hull from corroding. This research provided important research ideas for the future multi-functional drag reduction of sailing bodies, as well as a novel direction for the drag reduction of underwater vehicles.





4. Conclusions


Inspired by the diving bell spider, a biomimetic superhydrophobic coating was prepared by a two-step synthesis method. The mixed ER and SiO2-TiO2 particles were evenly distributed on the surface of the aluminium. The prepared BASS possessed excellent superhydrophobic properties. The WCA of BASS has a high static contact angle value (about 153°). Furthermore, mechanical abrasion durability and chemical durability have also been proved. BSAA could withstand 16 times on the mechanical abrasion durability test and have chemical durability in all pH ranges. Under high-speed camera observation, the BSAA exhibits excellent low adhesion characteristics, which provided an important prerequisite for underwater navigation without contamination of aquatic organisms. Furthermore, the BSAA shows a surprising bubble-capture capacity underwater, which could absorb bubbles quickly floating in the water in 5 ms. It is proposed that it would effectively reduce resistance and avoid attachment of the anaerobic organisms, due to the existence of the gas membrane when sailing. Therefore, we predict that the BSAA with excellent physicochemical properties may enlighten more scientists and engineers to focus on mimicking natural structures in a simple and effective method, and to devise more ingenious engineering products with desirable functionalities in the future.
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The following are available online at www.mdpi.com/2079-6412/11/10/1146/s1, Figure S1: SEM images of the water spider [40] and BSAA. (a) SEM image of the abdomen of water spider. (b) SEM image of the microstructures on the abdominal surface of water spider. (c) SEM image of the BSAA. (d) SEM image of the single hole. (e) SEM image of the microstructures on the BSAA surface, Figure S2: (a) A simple diagram of the drop shape analyzer and the sliding angle of the BSAA. (b) The time required to change the WCAs by 5 degrees. (c) WCAs of the BSAA changing with the time in different pH. (d) WCAs of the BSAA changing with the time in different NaCl solutions, Figure S3: Surface morphology of the aluminium alloy and BSAA before and after the mechanical abrasion test. (a) Surface morphology of the aluminium alloy before the mechanical abrasion test. (b) Surface morphology of the aluminium alloy after the mechanical abrasion test. (c) Surface morphology of the BSAA before the mechanical abrasion test. (d) Surface morphology of the BSAA after the mechanical abrasion test, Figure S4: Surface morphology of BSAA and aluminium alloy before and after chemical stability test. (a) Surface morphology of BSAA before chemical stability test. (b) Surface morphology of BSAA after chemical stability test. (c) Surface morphology of aluminium alloy before chemical stability test. (d) Surface morphology of aluminium alloy after chemical stability test, Video S1: Capturing behaviors for an underwater bubble on the surface of smooth aluminum alloy, Video S2: Capturing behaviors for an underwater bubble on the surface of BSAA.
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Figure 1. Preparation scheme diagram of BSAA’s coating and substrate. 
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Figure 2. Micromorphology and element distribution of BSAA. (a) Original morphology of aluminium alloy substrate. (b) Morphology of bionic superhydrophobic coating. (c) SEM image of the coating surface at low magnification. (d) SEM image of the coating surface under high magnification. (e) EDS image of element distribution on the surface of BSAA. (f) Distribution and proportion of elements on the surface of BSAA. 
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Figure 3. Superhydrophobic mechanism and characterizations of water-repellent performance. (a) Morphology of the substrate of BSAA with microcavity arrays prepared by the method of laser marking. (b) Hydrophobic mechanism diagrams of the BSAA. (c) Results of mechanical stability test. (d) Results of chemical stability test. (e) Water-bounce dynamics on BSAA. 
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Figure 4. Self-built high-speed camera system for the observation of the capturing behavior of the BSAA for the air bubbles. 
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Figure 5. Study on the capturing behaviors of the BSAA for the underwater bubbles and the related mechanism. (a) Capturing behaviors for an underwater bubble on the surface of smooth aluminium alloy. (b) Capturing behaviors for an underwater bubble on the surface of BSAA. (c) Capturing behaviors for two underwater bubbles on the surface of BSAA. (d) Capturing principle of the BSAA for underwater bubbles. 
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Figure 6. Mechanism of physicochemical durability of BSAA and the applications. (a) Schematic diagram of gas film on BSAA surface. (b) Schematic diagram of future application 4. 
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