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Abstract

:

In this work, a novel coating was deposited on aluminum alloy samples by using a combination of electrospinning and chemical vapor deposition (CVD-silanization) techniques in order to create a functionalized film with an enhancement of both corrosion resistance and hydrophobicity. The electrospinning technique makes the fabrication of highly crosslinked electrospun fibers possible by the combination of both poly(acrylic acid) and β-cyclodextrin, respectively, which can be easily functionalized in a further step by using the CVD-silanization process due to the evaporation of a hydrophobic molecule such as 1H,1H,2H,2H-Perflurodecyltriethoxysilane. In addition, the resultant electrospun fibers with a high degree of insolubility have been successfully fabricated and metal oxide nanoparticles (TiO2NPs) have been incorporated into the electrospun polymeric solution in order to improve the corrosion protection. The surface morphology has been determined by using light optical microscopy, atomic force microscopy, scanning electron microscopy, and water contact angle (WCA) measurements. The corrosion resistance has been evaluated by using both potentiodynamic polarization and pitting corrosion tests. Finally, the results related to WCA measurements after CVD-silanization corroborate that the surfaces have been successfully functionalized with a hydrophobic behavior in comparison with the electrospinning process, showing a considerable difference in the roughness.
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1. Introduction


Aluminum and its alloys are, after steels and cast irons, the most used group of metallic materials due to their combination of properties such as its mechanical strength, high conformability, ductility, light weight and relative low cost. In the case of the 2XXX, 6XXX and 7XXX series, mechanical properties can reach the highest values by means solubilization and ageing processes, which are routine treatments. Due to these intrinsic characteristics, these alloys are choice materials for aeronautical applications [1], although they are employed in many other industrial sectors and common applications. One of the most common alloys is the AA6061, widely used in aeronautics, as well as in shipbuilding or automotive industry. For these specific applications, the corrosion prevention in media such as aqueous solution of chloride ions is a main concern and due to this, multiple works can be found in the bibliography for the design of coatings that provide long-lasting corrosion resistance [2,3]. The use of chromates as corrosion inhibitors has been an ideal alternative for providing the desired protection requirements which can be easily implemented by chromate conversion [4,5]. However, the use of hexavalent chromium compounds is being banned in most industrialized countries because they are extremely dangerous for the ecosystem and human health [6,7]. Due to these important drawbacks, the scientific community has been looking for safer and ecofriendly alternatives with the aim to replace these toxic chromium compounds [8].



Among all the alternatives, the sol-gel technology has been one of the most used methodologies to provide corrosion protection [9,10,11,12,13] because silicon alkoxyde precursors show an adequate balance of reactivity and ease of handling combined with a ready availability [14]. However, a novel technique that shows a growing implementation for industrial applications is the electrospinning technique because it is a versatile and flexible process for producing ultrathin fibers from a wide range of materials (polymers, composites, and ceramics) onto any type of surface with arbitrary geometry [15]. This technique uses a high voltage source to inject a charge of a certain polarity into a polymeric solution which is then accelerated toward a collector of opposite polarity. The fiber jet travels through the atmosphere allowing the solvent to evaporate, leading to the deposition of solid polymeric fibers on the collector [16]. It has been demonstrated that a good control over the key processing parameters (mostly voltage, collector distance, flow rate and polymeric viscosity) can greatly influence the final properties for an adequate fiber deposition onto the substrate [17].



In recent years, several works can be found in the bibliography related to the design of electrospun anticorrosion coatings by using different types of polymeric precursors such as polyaniline (PANI) [18,19], polyvinyl alcohol (PVA) [20], poly(vinylidene fluoride) (PVDF) [21] or cellulose acetate (CA) [22]. In addition, other works are focused on the use of electrospun fibers as ideal hosts for corrosion inhibitors such as cerium chloride or lithium carbonate [23], 2-mercaptobenzothiazole (MBT) [24] or inorganic ZnO nanoparticles [25]. It is important to remark that the other additional advantage of the electrospinning process is that the resultant electrospun fibers show a very high surface to volume ratio, making possible the design of coatings for a further chemical or physical functionalization. In this respect, the other works are based on the design of coatings by combining electrospinning and other different deposition techniques such as drop-casting [26], dip-coating [22], or spray-coating [27]. According to this, this work presents a surface functionalized structure based on a novel coating made of crosslinked electrospun fibers combined with inorganic titanium dioxide nanoparticles (TiO2NPs) and a further functionalization by chemical vapor deposition (CVD-silanization) to provide to the previous coating higher hydrophobic properties. To the best of our knowledge, here we present, for the first time, an electrospun coating based on an inner part of TiO2NPs and an outer part with a fluorinated tail. The results corroborate that it is possible to achieve the required level of roughness for producing an increase in the resultant water contact angle value thanks to the CVD-silanization process, whereas the presence of TiO2NPs into the crosslinked electrospun fibers enables an improvement in the corrosion resistance of the coatings.




2. Experimental Section


2.1. Materials and Reagents


In this work, the 6061-T6 alloy has been used as a metallic reference substrate for the fabrication of the coatings. Rectangular samples have been prepared with a final dimension of 100 mm of length, 25 mm of width and 2.5 mm of thickness, respectively. All the samples were washed in ethanol, rinsed in distilled water and finally dried in air at room temperature before being used as collectors for the electrospun mats, as it will be explained in the following section.



The polymers poly(acrylic acid), PAA (Mw ≈ 100,000 sol. 35 wt % in water), β-cyclodextrin, β-CD (purity 98%), and 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (purity 97%), as well as titanium dioxide nanoparticles (TiO2NPs), were provided from Sigma Aldrich (Saint Louis, MO, USA) and used without any further purification.




2.2. Preparation of the Electrospun Solutions


In this work, three different polymeric solutions have been prepared for the fabrication of the fibrous coatings. The first one consists of PAA (35 wt % in water) which has been directly used for the electrospinning process. The second one is based on the incorporation of a crosslinker agent such as β-CD to the PAA solution. The resultant crosslinked PAA fiber mats showed a 16% of β-CD/PAA weight ratio. Finally, the third one is based on the incorporation of a specific corrosion inhibitor such as TiO2NPs in the previous crosslinked PAA solution, showing a 10% weight ratio, respectively. All the obtained solutions were ready for electrospinning after 24 h under magnetic stirring (Selecta Agimatic, J. P. Selecta, Barcelona, Spain) at room temperature.




2.3. Construction of the Functionalized Coatings


In the first stage of coating, freshly prepared solutions were electrospun using a syringe pump (KDS100, KD Scientific, Holliston, MA, USA) at a flow rate of 0.5 mL/h. The needle (anode) and a plane aluminum sheet (cathode) have been placed at a final distance of 20 cm from the anode, and a specific voltage of 17 KV has been applied between them. After 2 h, the as-prepared fibers have been dried at 180 °C for 30 min in order to remove the residual solvent. A summary of the experimental parameters selected for the deposition of the electrospun fibers is presented in Table 1.



Additionally, in a second stage, some of the prepared electrospun coatings have been functionalized by CVD-silanization of 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (97%) with the main objective of increasing the resultant hydrophobicity [28]. The presence of fluorinated groups in the outer surface is of great interest for creating hydrophobic surfaces because they can satisfy the condition of a low energy of interaction with water, obtaining a strong repellence of the water [29,30,31,32]. In order to achieve it, the electrospun fiber coatings have been introduced into a glass flask together with 200 µL of 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (97%), sealing it hermetically [33]. Then, the recipient has been introduced into an oven at a temperature of 150 °C for a period of time of 150 min to ease the silane evaporation as well as its reaction with the electrospun nanocoating. Due to the silane nature of the reagent, this process is known as silanization. A scheme of the whole fabrication process divided into two main steps (electrospun fibers and CVD silanization, respectively), which has been used for the fabrication of the coating can be observed in Figure 1.




2.4. Fiber Characterization


The fiber mats were characterized using optical microscopy (Leica DM2500P, Leica Microsystems GmbH, Wetzlar, Germany) and atomic force microscopy (AFM, Innova Veeco, Plainview, NY, USA) in the tapping mode. The electrospun surfaces were also analyzed using Scanning Electron Microscopy (SEM, Hitachi S4800, Tokyo, Japan). The contact angle was registered with a contact angle meter (CAM 100 KSV Instrument, Burlington, VT, USA).




2.5. Electrochemical Corrosion Tests


A conventional three-electrode system was used for the corrosion tests composed of a saturated Ag/AgCl as the reference electrode, a platinum plate as the counter electrode, and the electrospun coated samples (bare Al sheet, PAA + β-CD and PAA + β-CD + TiO2NPs) after immersion in 3.5 wt % NaCl solution and an exposed area of 0.78 cm2 as the working electrode. All the measurements were performed using the Autolab PGSTAT30 galvanostat/potentiostat system (Metrohm, Herisau, Switzerland) at room temperature. A fixed distance between both the reference and working electrode was maintained for all the experiments. Tafel polarization curves were obtained at a potential sweep rate of 1 mV/s, and the corrosion data were obtained through superimposing a straight line along the linear portion of the cathodic and anodic curves.



In addition, cyclic potentiodynamic polarization measurements have been performed in order to determine the localized corrosion susceptibility. The samples were immersed in the saline solution for 1 h before initiating polarization and after that, the potential scan is started beginning at Ecorr. The scan rate is 0.6V/h in the more noble direction. Once the current density reaches a specific value of 5 mA/cm2, the scan direction is reversed until the hysteresis loop is closed or well until the corrosion potential is reached.





3. Results and Discussion


First of all, the electrospinning technique is a good alternative to fabricate materials with a high surface area due to the possibility of producing thin fibers denoted as electrospun fibers from a wide range of materials. In Figure 2, the electrospun fibers from the needle with the formation of the typical Taylor cone, as well as the aspect of the resultant fibers onto the metallic substrate (6061-T6) with a clear white coloration once the deposition process has been performed, can be observed. In this technique, as the electrostatic attraction between the oppositely charged liquid and collector and the electrostatic repulsions between like charges in the liquid become stronger, the leading edge of the polymeric solution changes from a rounded meniscus to a cone (known as the Taylor cone). In this point, the fiber jet is eventually ejected from the Taylor cone as the electric field strength exceeds the surface tension of the liquid [16].



According to the experimental parameters, the first polymeric solution to be electrospun is only PAA (35 wt % in water). As an initial result, it can be corroborated that PAA fibers are successfully electrospun onto the substrate, although in this initial stage, we have observed that these fibers are easily removed after immersion in ultrapure water. Due to this, a crosslinker agent such as β-CD has been added to the PAA polymeric solution, making the fabrication of highly crosslinked PAA fiber mats possible. The results indicate that a high degree of insolubility has been observed after immersion in water for a long period of time in comparison with the uncrosslinked fibers (only electrospun PAA). In Figure 3, the aspect of the electrospun fibers onto glass slides for PAA and PAA + β-CD previous and after immersion in ultrapure water is presented.



Previous works have demonstrated the positive effect of using β-CD as a crosslinker agent after thermal treatment (curing step) because the formation of ester bonds by an esterification process are obtained (corroborated by FTIR spectra) [34]. The β-CD rings have several OH terminal groups, which can result in being chemically bonded to more than one PAA polymeric chain, acting as crosslinkers. In Figure 4, a scheme of the crosslink reaction of the thermally treated electrospun fibers is presented. This reaction’s first step is the dehydration of the carboxylic acid groups of PAA, inducing the formation of glutaric anhydride-like rings which react with the hydroxyl terminal groups of β-CD, and as a result, the formation of covalent bonds between PAA and β-CD is formed. An interesting result of this chemical reaction is the formation of highly crosslinked fiber mats which are randomly distributed along the surface, as it can be appreciated in Figure 4b,c, respectively. In addition, the presence of free superficial hydroxyl groups (OH) after the chemical crosslink is of great interest for a further functionalization by CVD-silanization process because a high affinity between these superficial OH groups and the three ethoxy groups of the fluorosilane molecule (PFAS) is obtained, and as a result, an easy evaporation can be produced with the fluorinated chains oriented in the outer electrospun fibers surface.



Once it the feasibility of the deposition of the electrospun fibers has been demonstrated with a high degree of insolubility after immersion in ultrapure water, the next step was to incorporate a specific corrosion inhibitor such as TiO2 NPs into PAA + β-CD electrospun fibers. Previous works have demonstrated that this type of metal oxide nanoparticles can be used for improving the anticorrosive properties of the resultant coatings. In addition, TiO2 NPs show unique properties such as non-toxicity, good compatibility with various materials, high photocatalytic activity, and high ability to absorb ultraviolet light [35,36,37,38]. After incorporating these TiO2 NPs into PAA + β-CD electrospun fibers, no significant differences in the resultant morphology of the surfaces have been observed in the electrospun fibers, showing them in a variable diameter, as it can be appreciated in the SEM images of Figure 5.



Once the TiO2∙NPs are incorporated into the electrospun fibers, the next step has been to analyze their corresponding impact in the resultant local corrosion susceptibility (pitting corrosion). Figure 6 shows the cyclic polarization curves for the aluminum bare substrate (6061-T6), the crosslinked electrospun fibers (PAA + β-CD), and the crosslinked electrospun fibers with metal oxide nanoparticles (PAA + β-CD + TiO2NPs).



First of all, it is important to remark that the best result is observed for the sample with TiO2NPs which exhibits the least negative potential (−532.6 mV) in comparison with the bare substrate (−624.2 mV) and crosslinked PAA + β-CD electrospun fibers (−617.2 mV). This result clearly indicates that the presence of TiO2NPs makes an improvement in the corrosion resistance of the coatings possible. Furthermore, the anti-corrosive behavior has been also evaluated by Tafel polarization curves where an excellent corrosion resistance corresponds to a lower corrosion rate, which can be associated to a higher corrosion potential as well as a lower corrosion current density. The experimental results corroborate that the electrospun sample composed of TiO2NPs show a corrosion rate three times smaller (0.0043 mm/year) than the bare aluminum substrate (0.0138 mm/year), as it can be appreciated in Table 2.



The second aim of this work is to design surfaces with a high degree of hydrophobicity, a chemical evaporation of 1H,1H,2H,2H-Perfluorodecyltriethoxysilane has been performed as it has been previously explained in the Experimental Section. This type of molecule shows a highly hydrophobic part (fluorinated tail), whereas the Si–O constitutes the hydrophilic head. After performing CVD-silanization, the hydrophilic head of the molecule is oriented towards the hydrophilic surface of the electrospun fibers and the hydrophobic tail is oriented up to the outer surface, producing a considerable change of the resultant wettability. This aspect is corroborated by the water contact angle (WCA) measurements previous and after the CVD-silanization process, as it can be appreciated in Figure 7. The experimental results indicate that an increase of the WCA value has been obtained from 23.95° (only electrospun fiber) up to a value of 125.8° (after the CVD silanization process). This improvement in the WCA value is possibly due to the synergetic effect of the lower free surface energy and the enhanced surface roughness. In this sense, the presence of the fluorinated groups in the outer surface satisfies both conditions, and as a result, water is strongly repelled by these surfaces.



One of these conditions is clearly appreciated in the AFM images presented in Figure 8. The morphology of the coatings was analyzed before and after the CVD-silanization process, and an important change in the resultant morphology was observed because an increase in the surface roughness is obtained after the CVD-silanization process. The roughness (RMS) before silanization (as prepared electrospun fibers, Figure 8b) was 152 nm, whereas the roughness value after the CVD-silanization process (Figure 8d) was 337 nm. For a better appreciation of the topographic distribution of the electrospun coatings after the CVD-silanization process, the SEM images are presented in Figure 9. As it was previously observed in the AFM images, the presence of several valleys and hills combined with the electrospun fibers can be clearly observed. In addition, no significant differences in the corrosion behavior of the coating after CVD silanization (similar pitting corrosion potential as well as corrosion rate) has been observed in comparison with the electrospun fibers with TiO2NPs, preserving the good behavior as anticorrosive surfaces with the novel property of highly hydrophobicity.



To sum up, this is the first time that a combination of a dual deposition process of both the electrospinning technique and the CVD-silanization process is presented in the bibliography. All the results corroborate that the resultant functionalized coatings showed a great behavior as an anticorrosive coating with a high degree of hydrophobicity, thus, being a good alternative in its implementation in industrial applications.




4. Conclusions


In this work, a novel coating which combines two different deposition technologies is presented for the design of functionalized surfaces. In a first step, crosslinked electrospun fibers with TiO2NPs (denoted as PAA + β-CD + TiO2NPs) were successfully deposited onto 6061-T6 substrates, showing a high degree of insolubility after log immersion in ultrapure water. In addition, the resultant coatings present a more positive pitting potential (−532.6 mV) than the bare aluminum substrate (−624.2 mV), whereas the corrosion rate was three times smaller (0.0043 mm/year) than the bare aluminum substrate (0.0138 mm/year). Then, in a second step, the prepared electrospun coatings were functionalized by CVD-silanization of 1H,1H,2H,2H-Perfluorodecyltriethoxysilane with the aim to obtain a change in the surface roughness which produces a low energy of interaction with water. The results corroborate that after CVD, the roughness (RMS) value has been changed from 152 nm up to 337 nm, whereas the resultant water contact angle (WCA) value has varied from 23.95° up to 125.80°, showing a considerable increase in the hydrophobicity of the electrospun fibers.
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Figure 1. The scheme of the two different techniques employed in the preparation of the coating from the electrospinning process (a) to CVD-silanization (b). 
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Figure 2. (a,b) The aspect of the fibers being electrospun towards the cathode from the needle which contains the polymeric solution and a detail of the Taylor cone formed at the tip of the needle; (c) The aspect of the final coating based on the electrospun fibers onto the reference metallic substrate (6061-T6). 
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Figure 3. (a) The aspect of the PAA electrospun fibers onto glass slides, showing a total removal of the coating after contact with the water droplets; (b) The aspect of the PAA + β-CD electrospun fibers where the coating remains totally unaltered after 24 h immersion water. 
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Figure 4. (a) The scheme of the crosslink chemical reaction between PAA and β-CD of the thermally treated electrospun fibers; (b) Optical micrograph of the PAA + β-CD electrospun fibers (scale 50 µm); and (c) for a scale of 20 µm. 
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Figure 5. The SEM images of PAA + β-CD + TiO2NPs with a scale bar of 20 µm (a) and 10 µm (b), respectively. 
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Figure 6. The cyclic polarization curves in 3.5% NaCl solution for aluminum bare substrate (black line), crosslinked PAA + β-CD electrospun fibers (blue line) and crosslinked electrospun fibers with metal oxide nanoparticles (PAA + β-CD + TiO2∙NPs) (orange line), respectively. 
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Figure 7. The variation of the water contact angle (WCA): (a) electrospun fibers composed of PAA + β-CD + TiO2NPs (hydrophilic behavior with a value of 23.95°); (b) electrospun fibers after the CVD-silanization process (hydrophobic behavior with a value of 125.80°). 
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Figure 8. (a,b) The 3D-AFM images of as electrospun fibers of PAA + β-CD + TiO2NPs (previous CVD-silanization) for a dimension range of 90 µm × 90 µm and 30 µm × 30 µm, respectively; (c,d) 3D-AFM images after the CVD-silanization process of the electrospun fibers for a dimension range of 90 µm × 90 µm and 30 µm × 30 µm, respectively. 
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Figure 9. SEM images of the electrospun fibers after the CVD-silanization process for a scale bar of (a) 20 µm and (b) 10 µm, respectively. 
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Table 1. The summary of the experimental conditions used for the fabrication of the electrospun fibers.
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	Molecular Weight (wt %)
	Voltage
	Flow Rate
	Collector Distance
	Thermal Treatment





	Mw ≈ 100,000
	17 kV
	0.5 mL/h
	20 cm
	180 °C
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Table 2. The summary of the corrosion data of the following samples after immersion in 3.5 wt % NaCl solution obtained from Tafel polarization measurements.
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	Sample
	Corrosion Rate (mm/year)
	Current Density (A/cm2)
	Anodic Constant (V/dec)
	Cathodic Constant (V/dec)





	Aluminum bare (6061T6)
	0.0138
	6.383 × 10−7
	0.0428
	0.1440



	PAA + β-CD
	0.0060
	2.789 × 10−7
	0.0222
	0.0376



	PAA + β-CD + TiO2NPs
	0.0043
	1.998 × 10−7
	0.0287
	0.0311
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