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Abstract

:

Superhydrophobic coatings have shown tremendous improvement in the usability of metals such as aluminum. These coatings are capable of adding attractive features such as self-cleaning, anti-corrosion, and anti-biofouling to the array of diverse features that aluminum possesses, including lightweight and high ductility. For superhydrophobic surfaces, having considerable abrasion resistance is as important as achieving a high contact angle. In this work, two types of coatings have been prepared, each composed of functionalized silica nanoparticles along with polydimethylsiloxane (PDMS) dispersed in ethanol, and their superhydrophobicity and abrasion characteristics have been investigated. The same silica nanoparticles are present in each coating, but each has a different proportion of the PDMS base to its curing agent. The surface morphology of the coatings was studied with the aid of a scanning electron microscope (SEM) and an atomic force microscope (AFM). The surface chemical composition was characterized using an energy dispersive X-ray spectroscope (EDX). The prepared coatings were analyzed for their degree of superhydrophobicity, abrasion resistance and adhesion characteristics. In addition, atomic force microscopy was used to understand the adhesion characteristics of the coatings.
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1. Introduction


Artificial superhydrophobic coatings for aluminum have received tremendous attention in the recent past. It is mainly due to their practical applications such as applications in the aerospace industry owing to the capability of such coatings to provide numerous functionalities. These functionalities include self-cleaning [1], anti-icing [2], anti-corrosion [3], and anti-biofouling [4] in addition to the native features of aluminum metal such as lightweight and commendable ductility. A wide variety of fabrication techniques are available for the creation of such coatings, which includes but is not limited to the template method [5], chemical etching [6], electro-spinning [7], chemical vapor deposition [8], self-assembled monolayers [9], and nanocomposites [10,11,12]. The two governing factors for developing a superhydrophobic coating are its surface chemistry (low surface free energy) and surface morphology (nano/microscale roughness) [13,14,15]. Many approaches follow a practice of different fabrication stages for the alteration of surface morphology and surface chemistry in a sequential manner [16]. The advantage of using nanoparticle-based composites is that the composite coating offers the required low surface free energy and surface morphology alteration by the proper tuning of its constituents and controlling parameters such as mixing time and application conditions.



Silica nanoparticles are among the most widely used nanoparticles for superhydrophobic coatings, owing to their high degree of reactivity with organic groups, tunable particle size, and comparatively lower cost [17]. Many studies have used different types of fluorinated silanes with silica nanoparticles in order to achieve low surface free energy [18]. However, functionalized silica nanoparticles have generally exhibited critical issues related to adherence and mechanical durability.



Therefore, Polydimethylsiloxane (PDMS) is often added as a binder or functionalizing agent in the silica nanoparticle coatings since it is hydrophobic in nature and has commendable durability, abrasion resistance, and adherence [19,20]. The most widely used types of PDMS network in research are PDMS 10:1 (base/agent ratio) and 5:1 if enhanced mechanical properties are desired [21,22,23].



There are various factors that determine the resulting coating’s quality and durability; these factors include but are not limited to the proportion of various constituents within the solution [24], temperature [25] and curing time [26]. In this work, functionalized silica nanoparticles were used along with PDMS to create superhydrophobic nanocomposite coatings that were later applied to aluminum substrates. Two base/agent ratios of PDMS were used for developing nanocomposite solutions as it was inferred from past studies that the mechanical properties such as stiffness of the polymer network vary with respect to the proportion between polymer base and curing agent [21,22,23]. In this study, an attempt is made to see whether such shift in polymer network’s mechanical properties with respect to the proportion between polymer base and curing agent can be replicated in case of nanocomposites where these polymers are used. As mechanical durability is an important factor in determining the quality of superhydrophobic coatings [27], various abrasion resistance tests were performed on both coatings. The resistance to abrasion while maintaining a non-wetting state can be seen from the results of abrasion tests. Furthermore, the results of atomic force microscope (AFM) characterization for adhesion properties and contact angle measurements were discussed.




2. Materials and Methods


2024-T3 aluminum alloy plates of 5 cm × 5 cm × 0.5 mm were used as the substrates. Chemicals used were anhydrous ethanol (Sigma Aldrich, St. Louis, MO, USA), isopropyl alcohol (Sigma Aldrich, St. Louis, MO, USA), acetone (Sigma Aldrich, St. Louis, MO, USA), polydimethylsiloxane elastomer kit (Sylgard 184) (Dow Corning, Midland, MI, USA). Silane-modified hydrophobic SiO2 nanoparticles (RX-50) with average diameter of 55 nm (±15 nm) were obtained from Evonik (Piscataway, NJ, USA). All experiments were conducted at room temperature of 25 °C.



The flat aluminum substrates were initially cleaned using ultrasonication in acetone for 15 min followed by rinsing with isopropyl alcohol, ethanol, and deionized water to clean off surface contaminants and grease and finally dried in air. After performing initial cleaning, 1.5 g of silica nanoparticle was added to 10 g of ethanol and then the suspension of nanoparticles in ethanol was dispersed by ultrasonic stirring for 30 min followed by mechanical stirring for 30 min. This step enables the proper dispersion of nanoparticles without aggregation. After the initial stirring, 1 g of PDMS was added into the solution followed by mechanical stirring for 30 min and then 0.1 g of curing agent for coating Solution A and 0.2 g of curing agent for coating Solution B were added in separate preparation schedules. The solution was further mechanically stirred for another 30 min. The prepared coating was deposited on the cleaned aluminum substrates by spin coating at a speed of 500 rpm for 15 s. The coating was then oven-cured at 165 °C for 5 min followed by air cooling in a fume hood.



The morphologies and chemical compositions of the superhydrophobic aluminum surfaces were assessed using a scanning electron microscope (SEM, Hitachi S-3400N, Hitachi High Technologies, Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy, and an atomic force microscope (AFM, Park NX10, Park System Co., Suwon, Korea). The water contact angles were measured using a drop shape analyzer (DSA25E, Krüss, Hamburg, Germany). Water droplets (10 µL) were dropped onto the surfaces under ambient temperature and atmosphere. A manually operated linear mechanical abrasion test was performed using 240-grit sandpaper with 7.75 kPa normal pressure. An automated linear mechanical abrasion was performed with a linear abrader (Taber Industries, New York, NY, USA) using CS-10F Calibrase abradant under 29.9 kPa applied pressure.




3. Results and discussion


3.1. Effect of Nanoparticles Concentration on Wettability


As explained in the previous section, two types of nanocomposite solutions were prepared, designated as Coatings A and B, where the weight proportion of ethanol and nanoparticles remained the same with the distinction being the ratio between the polymer base and the curing agent for polydimethylsiloxane. Coating A was prepared using a ratio of 10:1, whereas for Coating B, the ratio between the polymer base and the curing agent was 5:1. The variation in hydrophobicity of the coating with respect to the varying weight proportions of silica nanoparticles in terms of static contact angle and roll-off angle is shown in Figure 1. It can be observed that even for a lower weight proportion of 0.2 g nanoparticle in 10 g solvent, the resulting static water contact angle was close to 120°, which increased continuously up to 1.5 g where the static contact angle averaged over 160°. A further increase in the quantity of nanoparticles resulted in a decline of the static contact angle. The lowest roll-off angle was also observed when having 1.5 g nanoparticles; thus, 1.5 g nanoparticles in 10 g solvent were considered to be the standardized amount of nanoparticles for both solutions. It should be noted that the data used in Figure 1 is with the ratio of 10:1 for the PDMS, and a similar trend was observed in the case of the ratio of 5:1 for PDMS. The variation in degree of hydrophobicity can be related to the average surface roughness of coatings as shown in Table 1 in which the highest roughness was obtained when having 1.5 g nanoparticles.




3.2. Surface Morphology and Chemical Composition


Figure 2 shows the SEM images of surfaces with Coatings A and B at two different magnifications. The dense structures observed in both coatings contribute to their high roughness, and it can be observed that the visual appearance of both coatings is considerably similar; this similarity is logical as the same nanoparticles with identical weight proportions were used. The chemical composition of the developed coatings was verified with the aid of an energy dispersive X-ray spectroscope (EDX). Figure 3 shows the EDX spectrum for coating A. EDX data indicate without doubt the presence of Si and O, which suggests the proper dispersion of silica nanoparticles throughout the coating, and the presence of C along with O accounts for the functionalizing chemicals used. The EDX spectrum for coating B was identical to that of coating A, which can be explained by the use of the same chemicals and fabrication sequence with a slight variation in only one of the constituent chemicals. Figure 4 shows the three-dimensional AFM images of both coatings. The average roughness for Coatings A and B was found to be 359 ± 4 nm and 358 ± 4 nm, respectively.




3.3. Wetting Properties of Coatings


Static contact angles and roll-off angles were measured for Coatings A and B to study their wetting behavior. Average static contact angle for Coating A was found to be 166° ± 0.9° and that of Coating B was found to be 162° ± 0.6°. Figure 5 shows the representational images corresponding to static water contact angles for Coatings A and B. According to static water contact angles, coating A is slightly superior over coating B, which is reiterated by the average roll-off angle of 3° for Coating A and 4° for Coating B.




3.4. Adhesion Characteristics of the Coatings


Table 2 lists the adhesion force, adhesion energy, and average roughness as characterized by AFM. The adhesion forces of both coatings are considerably close to each other, which essentially indicates that the adhesive characteristics of the developed coatings do not show a high deviation from each other, with Coating A having the upper hand in terms of adhesion force. A similar trend in the case of adhesion energy for Coatings A and B reiterates the observations made for adhesion force for both coatings. The average roughness values are close to each other and can be accounted for by the identical nanoparticles and fabrication sequence. The slight superiority of Coating A in terms of adhesive characteristics could be because of the better binding effect of the PDMS network in the case of Coating A.




3.5. Abrasion Resistance of the Coating


Mechanical stability and durability of the superhydrophobic coating are important in view of its usage in practical applications. Abrasion resistance of the coating provides reliable information about its mechanical stability. In this work, the abrasion resistance of coatings was analyzed using two approaches. In the first approach, the coating was dragged against a 240-grit sandpaper with 7.75 kPa normal pressure. The sandpaper, which acts as the abrading surface used in this work, is considerably rougher than the sandpapers used in similar tests that are listed in Table 3 [24,28,29,30,31,32,33,34,35,36]; hence, it provides a more severe abrading action. The specimen, under exerted pressure, was moved in 20 cm cycles, rotating the specimen by 90° at the halfway point of each cycle to introduce even abrasions on the coating’s surface. Figure 6 shows the variation in static contact angles for coating A as well as for Coating B, with reference to the number of abrasion cycles. Both coatings showed the highest decrease in a single cycle of abrasion, in the case of the first abrasion cycle. Coating A exhibited a decrease in contact angle by 12° for the first abrasion cycle, whereas the corresponding value for Coating B was 15°. This drastic decrease in the first cycle can be explained by the damage to fine, delicate nanocomposite structures that extend from the dense network. After the first cycle of abrasion, an irregular increase in the contact angles was observed for both coatings between arbitrary abrasion cycles. The general trend observed for Coating B was a continuous decrease in contact angles as the number of abrasion cycles increased, whereas for Coating A, the contact angles fluctuated within 145° and 155° for up to 20 abrasion cycles. Coating B maintained contact angles over 140° for up to 18 abrasion cycles, and a higher rate of decrease was observed afterward. Both coatings maintained contact angles over 115° even after 50 abrasion cycles. Figure 7 shows the variation in roll-off angles for coating A as well as for Coating B, with reference to the number of abrasion cycles. There is a continuous increase in roll-off angles for both coatings as the number of abrasion cycles increases; this increase substantiates the damage behavior observed from the static contact angles. After 30 cycles of abrasion, roll-off angles of both coatings stabilized with Coating A specifically around 75° and Coating B over 80°. Figure 8 shows the SEM images of Coating A at different magnifications and highlights the morphological variation between the initial and final stages of the abrasion test. From Figure 8a,b, it is observed that the coating is fairly uniform, and the silica nanocomposite is evenly dispersed. But after 50 cycles of abrasion, the aluminum substrate is slightly exposed, and the coating is ruptured at multiple locations, as seen in Figure 8c,d as a result of sandpaper abrasion. Figure 9 shows the corresponding SEM images for Coating B. From Figure 9a,b, it can be seen that the coating is fairly uniform, and the silica nanocomposite is evenly dispersed and considerably identical to Coating A at the initial stage. But after 50 cycles of abrasion, the aluminum substrate is even more exposed, as seen in Figure 9c,d, as a result of sandpaper abrasion, and damage to the coating is severe. The results reveal that the susceptibility of both coatings to damage, when exposed to identical abrading conditions, falls in an agreeable range.



Table 3 offers a list of works from the literature where linear abraders were used for the study of abrasion resistance characteristics of nanocomposite coatings using silica nanoparticles [24,37,38]. In the second approach, the abrasion test was carried out using a Taber linear abrader under a constant load of 29.9 kPa applied pressure. The pressure used in this work for the linear abrasion test is significantly higher than some values reported in the literature involving similar tests as shown in Table 3 [24,37,38]. The stroke speed was maintained at a constant value of 15 cycles/min. Changes in static contact angles and roll-off angles were measured after every set of two linear abrasion cycles. The abradant used for the test was a cylindrically shaped material known as CS-10F Calibrase (1.26 cm in diameter) that produces mild abrading action. Figure 10 shows the variation in static contact angles for Coating A as well as for Coating B with reference to the number of abrasion cycles. Both coatings exhibited a continuous decrease in the contact angle with only a very few cycles where there was a slight increase in the contact angle. After 30 abrasion cycles under a constant load of 29.9 kPa, Coating A reached the lowest contact angle value of 108°, and coating B stabilized in terms of the contact angle around 104°. Figure 11 shows the variation in roll-off angles for Coating A as well as for Coating B with reference to the number of abrasion cycles. There is a continuous increase in roll-off angles for both coatings, a trend observed in previous abrasion tests as well. After 30 cycles of abrasion, roll-off angles of both coatings stabilized, with Coating A specifically around 70° and Coating B over 76°. Figure 11 shows the SEM images of surfaces with Coating A at different magnifications that highlight the morphological variation between the initial and final stages of the abrasion test. From Figure 12 a,b, it can be seen that the coating is fairly uniform, and the silica nanocomposite is evenly dispersed. But after 30 cycles of abrasion, the aluminum substrate is exposed, and the damage to the coating is easily observed, as seen in Figure 12 c,d, as a result of sandpaper abrasion. Figure 13 shows the corresponding SEM images for coating B. From Figure 13 a,b, it can be seen that the coating is fairly uniform, and the silica nanocomposite is evenly dispersed and practically identical to coating A at the initial stage. But after 30 cycles of abrasion, the aluminum substrate is exposed even more as a result of sandpaper abrasion, as seen in Figure 13 c,d, and the damage to the coating is severe. The results of the Taber abrasion test clearly agree with the same from the sandpaper abrasion test. Furthermore, these results could be related to the adhesion characteristics observed in the previous section as well. Based on the SEM images and abrasion test results, Coating A is slightly superior over Coating B and it agrees with the observations made for adhesion characteristics where Coating A exhibited a slight dominance. The static contact angle measurements show that Coating A has a slight advantage over Coating B after 30 cycles of abrasions, though both coatings were fairly stable up to 15 cycles of abrasion and maintained appreciable hydrophobic behavior. Additionally, based on the SEM images and observing the exposed area, the damage to Coating B is comparatively severe after the rupture of the coating.





4. Conclusions


In this work, two types of coatings were developed and featured excellent superhydrophobicity and considerable mechanical durability. The static water contact angles for both coatings were over 160° for both coatings. AFM studies showed that the average roughness values and the quantified adhesion properties for both coatings are close to each other. The abrasion resistance of superhydrophobic coatings for aluminum was investigated in detail. Only relatively small changes in the wettability of both coatings were observed after sandpaper abrasion. During the more severe linear abrasion test, both coatings maintained their superhydrophobic behavior up to a considerable number of abrasion cycles and started to show a slight reduction after each cycle. Moreover, the difference of robustness between these two coatings is minor. These coatings for aluminum metal can be used in applications where superhydrophobicity is a significant requirement.
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Figure 1. Static Contact angle and roll-off angle as a function of varying nanoparticle composition. 
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Figure 2. Scanning electron microscope (SEM) images of the superhydrophobic aluminum surfaces with the Coating A (a,b) and Coating B (c,d). 
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Figure 3. Energy dispersive X-ray spectroscope (EDX) spectrum analysis of superhydrophobic aluminum surface with Coating A. 
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Figure 4. 3-Dimensional atomic force microscope (AFM) image of the (a) superhydrophobic aluminum surface with Coating A and (b) superhydrophobic aluminum surface with Coating B. 
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Figure 5. Static water contact angles obtained on (a) superhydrophobic aluminum surface with the Coating A and (b) superhydrophobic aluminum surface with the Coating B. 
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Figure 6. Static contact angles after abrasion against a 240-grit sandpaper with 7.75 kPa normal load. 
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Figure 7. Roll-off angles after abrasion against a 240-grit sandpaper with 7.75 kPa normal load. 
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Figure 8. SEM images of the superhydrophobic aluminum surfaces with the Coating A: (a,b) surface layer before abrasion at different magnifications; (c,d) surface layer after 50 cycles of abrasion at different magnifications. 
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Figure 9. SEM images of the superhydrophobic aluminum surfaces with the Coating B: (a,b) surface layer before abrasion at different magnifications; (c,d) surface layer after 50 cycles of abrasion at different magnifications. 
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Figure 10. Static contact angles after Taber abrasion test against 29.9 kPa normal load. 
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Figure 11. Roll-off angles after the Taber abrasion test against 29.9 kPa normal load. 
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Figure 12. SEM images of the superhydrophobic aluminum surfaces with the Coating A: (a,b) surface layer before Taber abrasion test at different magnifications; (c,d) surface layer after 30 cycles of Taber abrasion test at different magnifications. 
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Figure 13. SEM images of the superhydrophobic aluminum surfaces with the Coating B: (a,b) surface layer before Taber abrasion test at different magnifications; (c,d) surface layer after 30 cycles of Taber abrasion test at different magnifications. 
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Table 1. Average surface roughness values for coating as a function of varying nanoparticle composition.
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	Amount of Nanoparticles in 10 g Solvent (g)
	Average Roughness (nm)





	0.2
	94 ± 2



	0.6
	171 ± 3



	1
	266 ± 3



	1.5
	359 ± 4



	2
	321 ± 4
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Table 2. Average roughness, adhesion force and adhesion energy of the superhydrophobic aluminum surfaces.
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	Surface Characteristics
	Average Roughness Ra (nm)
	Adhesion Force (nN)
	Adhesion Energy (fJ)





	Coating A
	359 ± 4
	6.29 ± 0.57
	0.083 ± 0.010



	Coating B
	358 ± 4
	5.43 ± 0.66
	0.064 ± 0.010
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Table 3. Summary of published works on the mechanical durability of silica nanoparticle based superhydrophobic coatings using sandpaper abrasion tests and Taber linear abrasion tests. The current study included at the end of the table for the purpose of comparison.
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	Nanoparticles
	Substrate
	Nanoparticle Functionalization
	Durability Test
	Force Applied
	Number of Abrasion Cycles
	Distance of One Cycle
	Sandpaper Grit Number/Abrader Grade
	Ref.





	Silica
	Wood
	Vinyl triethoxysilane
	Sandpaper
	0–12 kPa 100 g
	NA
	150–1050 mm
	3000 mesh
	[28]



	Silica (R972, 16 nm)
	Glass
	1H,1H,2H,2H-Perfluorooctyltriethoxysilane
	Sandpaper
	50 g
	9
	200 mm
	150
	[29]



	Hydrophobic fumed Silica nanoparticles (Aerosil R972)
	Aluminum
	Dimethyl dichlorosilane
	Sandpaper
	10 kPa
	Not given
	Not given
	Not mentioned
	[30]



	Silica
	Polyester
	TEOS
	Sandpaper
	5 kPa
	200
	400 mm
	2000 mesh
	[31]



	Fluorinated silica nanoparticles, titania nanoparticles
	NA
	Fluorinated alkylsilane
	Sandpaper
	10 kPa, 20 kPa
	10
	Not given
	Not mentioned
	[32]



	Silica nanoparticles (40 nm)
	Polyester fabrics
	PFDTS, PFOTS, TEOS
	Sandpaper
	10 kPa
	100
	Not given
	Not mentioned
	[33]



	Silica nanoparticles
	Polyester
	TEOS, MTES, OTES, DDTES, HDTES, ODTES
	Sandpaper, A4 paper
	5 kPa
	200
	400 mm
	2000 mesh
	[34]



	Silica nanoparticles (10-20 nm)
	Wood
	1H,1H,2H,2H-perfluorodecyltriethoxysilane
	Sandpaper
	5 kPa
	10
	250 mm
	1500 mesh
	[35]



	Silica nanoparticles
	Wood
	HDTMS, PDMS
	Sandpaper
	12.5 kPa
	10
	300 mm
	1500 mesh
	[36]



	Silica nanoparticles (RX-50) Aerosil, Evonik
	Aluminum
	Hexamethyldisilazane (HMDS)
	Sandpaper & Taber linear abrader
	100 g
	50
	200 mm
	240
	Current work



	Hydrophobic fumed silica nanoparticles
	Aluminum
	Pre-functionalized
	Taber linear abrader (Model 5750)
	20 kPa
	30
	100 mm
	CS-10F Callibrase
	[24]



	Hydrophobic fumed silica nanoparticles
	Silicon
	Hexamethyldisilazane (HMDS)
	Taber linear abrader
	2.1 kPa
	20
	80 mm
	Plastic disk
	[37]



	Hydrophobic fumed silica nanoparticles
	Aluminum
	Hexamethyldisilazane (HMDS)
	Taber linear abrader (Model 5750)
	17.5 kPa
	35
	50 mm
	CS-8 Calibrase
	[38]



	Silica nanoparticles (RX-50) Aerosil, Evonik
	Aluminum
	Hexamethyldisilazane (HMDS)
	Taber linear abrader
	29.9 kPa
	30
	Full length of sample
	CS-10F Callibrase
	Current work
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