

  coatings-10-00887




coatings-10-00887







Coatings 2020, 10(9), 887; doi:10.3390/coatings10090887




Article



Influence of Abrasive Load on Wettability and Corrosion Inhibition of a Commercial Superhydrophobic Coating



Arjun Manoj, Rahul Ramachandran[image: Orcid] and Pradeep L. Menezes *[image: Orcid]





Department of Mechanical Engineering, University of Nevada, Reno, NV 89557, USA









*



Correspondence: pmenezes@unr.edu







Received: 14 August 2020 / Accepted: 14 September 2020 / Published: 16 September 2020



Abstract

:

The poor mechanical stability of hydrophobic and superhydrophobic surfaces and coatings severely hinder their commercial and industrial applicability. In addition to being expensive and time-consuming to manufacture, the ability of these coatings to maintain their non-wetting properties after mechanical abrasion and wear is currently not well-understood. In this work, the influence of increasing abrasive loads on the roughness, wettability, and corrosion inhibition properties of a commercial superhydrophobic coating was studied. It was shown that the wetting and corrosion properties of the superhydrophobic coating was affected by the abrasive load. Increasing abrasive loads were applied using a tribometer and the electrochemical response was studied using open circuit potential, potentiodynamic polarization, and electrochemical impedance spectroscopy. The wetting and roughness behavior of the coating before and after the application of the abrasive load was characterized using contact angle, contact angle hysteresis, and optical profilometry. The protective properties of the superhydrophobic coating was observed to deteriorate as the abrasive load increased. Similarly, after a specific abrasive load, the coating transitioned from the Cassie-Baxter state of wetting into that of the Wenzel state.
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1. Introduction


Surfaces exhibiting hydrophobic and superhydrophobic behavior have recently gained significant traction in various applications like self-cleaning [1,2], anti-icing [3,4,5,6], oil-water separation [7,8,9], and corrosion-resistant surfaces [10,11,12]. Superhydrophobic surfaces can be found in nature among many plants and animals with well-known examples including the lotus plant, which has the ability to self-clean its surfaces, and the water strider, which has the ability to walk on water [13,14]. Cassie-Baxter and Wenzel were the first researchers to publish models in order to try to explain the phenomena of hydrophobic and superhydrophobic surfaces [15,16]. These surfaces are typically characterized by their contact angles with water, where a hydrophobic surface has a contact angle greater than 90°, and a superhydrophobic surface has a contact angle greater than 150° [17]. Nosonovsky et al. [18] described the importance of combining a low surface energy material and surface roughness to achieve superhydrophobicity. High water repellency and contact angles are observed when air is trapped between adjacent surface features with a small real area of contact between the substrate and wetting medium [19,20]. Researchers have observed these naturally occurring surfaces to create coatings that can be used to inhibit corrosion, reduce drag, and to create self-cleaning surfaces [21]. When a hierarchical surface roughness is present, a range of wetting states can be distinguished that range from the Cassie-Baxter or lotus state, where water droplets form high contact angles that easily roll off the surface, to the Wenzel state, where water droplets fully penetrate the surface [18]. Between these two extreme wetting states, there exists the rose petal state, described as pinned superhydrophobicity, where water droplets do not roll off the surface, but still exhibit contact angles in the superhydrophobic region. In the rose petal state, the water droplet penetrates the micro-scale roughness, but not the nano-scale roughness, giving rise to the pinned wetting state [18,22].



There have been several approaches to replicate the superhydrophobic properties of naturally occurring surfaces, including the use of encapsulating species and the formation of hierarchical layers [23,24,25,26,27,28,29]. However, many of these methods are industrially unviable due to the many steps involved, the chemical and mechanical stability of the modification technique, and their cost [30]. Whether using a coating or a hierarchical structure to create the hydrophobic or superhydrophobic surface, the surface tends to be delicate and easily damaged, causing the surface or coating to rapidly lose its hydrophobic or superhydrophobic properties upon repeated use [31]. If a synthetic superhydrophobic surface is touched with bare skin, the area could be contaminated with natural oils and salts present on the skin, causing a dramatic change in the surface energy and resulting in the loss of superhydrophobicity. Similarly, the application of a force on a coated or treated surface can damage the surface, causing deterioration of the superhydrophobic property [31]. As such, it is necessary to study and characterize how superhydrophobic surfaces behave under varying abrasive loads as well as how this affects their corrosion and wetting performance.



Thus far, there have been several studies and coating techniques that have been developed to create a superhydrophobic surface stable against mechanical, chemical, and environmental conditions [32,33,34,35,36,37,38,39]. The mechanical stability and robustness of these coatings are determined by their ability to resist wear from abrasion while still maintaining non-wetting properties. There are two methods that can be taken in creating mechanically stable hydrophobic and superhydrophobic surfaces: (i) Retaining non-wettability as long as possible by limiting material removal and (ii) Developing surfaces or materials that retain their non-wettability as it is worn away [40]. Recently, Sataeva et al. [41] used laser processing followed by chemical deposition of fluorooxysilane to create superhydrophobic surfaces on aluminum-magnesium alloys. The abrasive durability of the coating was evaluated using oscillating sand, which closely simulated the conditions encountered in aviation. The results from this study demonstrated that the surfaces were able to maintain high contact angles regardless of abrasion time. However, the roll-off angle increased with increasing abrasion time, indicating a loss of self-cleaning ability. Wang et al. [42] developed robust superhydrophobic steel surfaces using antiformin solution using a three-step process that included chemical immersion, ultrasonic treatment, and surface modification. The prepared surfaces were then subjected to abrasive wear, and the results showed that the surfaces maintained contact angles in the superhydrophobic region after undergoing abrasion for 2.24 m. She et al. [43] prepared a superhydrophobic surface on magnesium by electrodepositing nickel and subsequent surface modification using steric acid. The resulting surface showed a maximum abrasion distance of 0.70 m under a 1.2 kPa pressure before losing its superhydrophobic property, however, the sliding angle dramatically increased from 1.2° ± 0.9° before abrasion to 52.7° ± 1.4° after abrasion. Wang et al. [5] made a superhydrophobic steel surface by combining hydrogen peroxide and acid to obtain hierarchical structures, followed by a surface treatment. The prepared surface was able to endure up to 16 kPa pressure for 1.10 m while still maintaining a contact angle of 152° and a sliding angle of 8°. Xiang et al. [39] created superhydrophobic surfaces using nickel electrodeposition followed by myristic acid treatment. The samples were subjected to abrasion using a 500 g weight on 1400 grit sandpaper at a constant speed of 1 cm/s for 100 cycles. After abrasion, all samples showed contact angles that were higher than 160°, however, the resulting roll-off angles were not reported. Though these studies are valuable in the laboratory setting, the process to prepare the surfaces are still time and cost intensive. As such, it is necessary to study and understand the mechanical and electrochemical stability of commercially available superhydrophobic coatings that have been subjected to abrasive loads to better characterize the industrial and commercial viability.



In this study, a commercial superhydrophobic coating was manually applied to a steel substrate. The coated samples were subjected to increasing abrasive loads with a tribometer and the resulting surface was evaluated based on its wetting and corrosion behavior. The surfaces were characterized before and after the abrasive load using optical profilometry and contact angle methods. Open circuit potential, potentiodynamic polarization, and electrochemical impedance spectroscopy were all employed to understand the corrosion mechanisms that were taking place. This work demonstrates the influence of abrasive loads on the wetting and corrosion performance of superhydrophobic coatings.




2. Materials and Methods


2.1. Materials and Sample Preparation


Low carbon steel blocks (50 mm × 50 mm × 6 mm) were used for the experiments and had the following composition (wt.%): Fe, 98.88%, C, 0.13%, Mn, 0.30%, P, 0.04%, Si, 0.15%, and S, 0.50%. The blocks were initially polished on 120 grit silicon carbide paper to remove milling and manufacturing marks and to ensure a uniform surface, followed by ultrasonic cleaning in water and ethanol, and finally dried in air. Once polished, all samples were stored in a desiccator to prevent any reactions due to the atmosphere. The electrolyte used in each test was made with 3.5 wt.% sodium chloride of ≥99% purity (Sigma-Aldrich, St. Louis, MO, USA) and deionized water.



All polished samples were spray-coated with NeverWet (Rust-Oleum, Vernon Hills, IL, USA) to create the superhydrophobic surfaces. NeverWet is a commercially available, two-step surface modification technique. The silicon-based formulation, when applied to a surface, results in a hierarchical structure with micro- and nano-structures, allowing air to be trapped in both or one of the micro- or nano-structures. The samples were hand-sprayed with a base coat and left to dry for 30 min. Following this, four top coatings were applied, with each layer being allowed to dry for 2 min and were left to dry overnight for 12 h before testing. Five samples with the following naming convention is used in this study: BS for the bare steel sample, SS for the undamaged superhydrophobic coating, 5, 10, and 15 N, for the samples abraded using a load of 5, 10, and 15 N, respectively. Each testing condition was repeated three times on each sample to ensure repeatability.




2.2. Surface Properties


The surface roughness was measured after polishing, application of the superhydrophobic coating, and after each abrasive load using a non-contact 3D optical profilometer (Rtec Instruments, San Jose, CA, USA). The profilometer was a Mirau interferometer with a resolving power of 0.92 µm and a 3.04 µm depth of focus at 10× magnification. To ensure the reliability and uniformity of the samples, roughness values were measured at three random locations on each specimen.




2.3. Contact Angles


The contact angle (CA) and contact angle hysteresis (CAH) was measured after the application of the coating as well as after abrasion in ambient conditions using a contact angle goniometer (ramé-hart, Succasunna, NJ, USA). CA and CAH measurements were obtained using 10 µL droplets of distilled water placed at three different locations on each surface to ensure the reliability and uniformity of the results.




2.4. Abrasion


The coated surfaces were abraded using an Rtec Multifunction Tribometer 5000 (Rtec Instruments, San Jose, CA, USA) at room temperature (25 °C) under ambient conditions in a ball-on-plate configuration. Each sample was abraded with loads of 5, 10, and 15 N for a sliding distance of 25 mm spaced 1.25 mm apart at 1 mm s−1 sliding velocity for a total area coverage of 25 mm2. This area of coverage was chosen due to the diameter of the opening in the electrochemical cell. Figure 1 shows the abrasion pattern used in this study. The ball used as counter material was a 6.5 mm diameter 52100 alloy steel with the following composition (wt.%): Fe, 96.5–97.32%, Cr, 1.30–1.60%, C, 0.980–1.10%, Mn, 0.250–0.450%, Si, 0.150–0.300%, S, ≤0.025%, and P, ≤0.025%.




2.5. Electrochemical Experiments


Open circuit potential (OCP), potentiodynamic polarization (PDP), and electrochemical impedance spectroscopy (EIS) data was obtained using a Gamry Reference 3000 potentiostat (Gamry Instruments, Warminster, PA, USA). All tests were performed at an ambient temperature of 25 °C and normal humidity conditions in 3.5 wt.% NaCl solution in a conventional three-electrode electrochemical cell. The electrochemical cell consisted of a working electrode (the sample), a high surface area graphite counter electrode, and a saturated calomel electrode (SCE) as a reference with a potential of +0.241 V vs. standard hydrogen electrode (SHE). The sample was exposed to the solution through an opening with a diameter of 1.905 cm and an area of 2.85 cm2, respectively. Before each test, the sample was allowed about 20 min to reach steady-state conditions to ensure the properties did not change during the test. PDP testing was carried out using a scanning rate of 0.167 V s−1 from −0.5 to 0.5 V above and below the equilibrium potential. EIS experiments were performed at frequencies ranging from 105 to 10−1 Hz at OCP with a 10 mV amplitude of perturbation. The Tafel extrapolation technique was used to determine the corrosion potential (Ecor) and corrosion current density (icor) from the polarization curves of each sample.





3. Results


3.1. Surface Roughness and Profiles


Surface morphology is an important parameter affecting the wettability of superhydrophobic coatings; therefore, the samples were characterized by optical profilometry after polishing, coating application, and after abrasive wear. The average surface roughness (Ra) of each sample was measured at three random locations. On the abraded samples, the Ra was measured on the abraded sections to determine the changes on the surface due to the influence of the abrasive load. Figure 2a–d show the morphologies of the coated sample and the 5, 10, and 15 N samples, respectively, and Table 1 shows the Ra of each sample. The Ra of the uncoated sample was 56.73 ± 8.49 nm. After application of the coating and before being subjected to an abrasive load, the coated sample had an Ra of 764.57 ± 33.18 nm. When the coated sample was subjected to an abrasive load of 5 N, the Ra decreased slightly to 727.33 ± 10.22 nm. However, with the abrasive load of 10 and 15 N the Ra decreased to 633.67 ± 22.76 nm and 543.93 ± 19.61 nm, respectively. These results demonstrate that increasing the abrasive load results in the decrease of surface roughness due to the disruption of the hierarchical surface structures.




3.2. Contact Angle Measurements


Figure 3a–e show the water contact angles of the samples. Table 2 summarizes the CA and CAH values for each of the samples. The polished bare sample without a coating (Figure 3a) had the lowest contact angle of 66.15° ± 2.87° with water. Upon application of the superhydrophobic coating (Figure 3b), the contact angle increased to 158.95° ± 0.54° with water. After abrading the samples with loads of 5, 10, and 15 N, the contact angles were observed to be 155.48° ± 2.13°, 150.49° ± 2.09°, and 146.11° ± 2.70°, respectively. The CAH of the uncoated sample was measured to be 18.48° ± 1.59°. With the superhydrophobic coating, the CAH reduced to 5.00° ± 0.25°. When the samples were abraded, however, the CAH was measured with the sample in two orientations, namely with the grooves perpendicular to the viewing camera and with the grooves parallel to the viewing camera. After being abraded with the 5, 10, and 15 N loads, the CAH successively increased to 6.23° ± 2.64°, 7.22° ± 2.35°, and 13.72° ± 5.36°, respectively, when viewed in the parallel orientation. When viewed in the perpendicular orientation, the CAH was 6.75° ± 0.41°, 7.34° ± 2.44°, and 12.75° ± 3.34° for the 5, 10, and 15 N samples, respectively. It was noticed after abrasion with the 15 N load that the droplet rolled from one abraded groove to the next in the perpendicular orientation of the grooves with respect to the viewing camera. This made it difficult to measure the exact point at which the droplet rolled completely off the surface. This showed that after abrasion with the 15 N load, the sample transitioned from the Cassie-Baxter state of wetting into that of the Wenzel state, causing penetration of the electrolyte into the micro-pores on the surface. The surface exhibited high CA at the strips of coating remaining between the abraded sections, but the abraded sections showed high adhesion of the droplet. This is also evidenced by the reduction in Ra of the sample abraded with 15 N as compared to the Ra of the unabraded sample [44,45]. The samples abraded with 5 and 10 N loads retained high CA and low CAH values, demonstrating the lotus effect (CA ≥ 150° and CAH ≤ 10°). During abrasion, grooves are formed on the coating surface (shown in Figure 2d), causing water to sink into these grooves and to become pinned to the surface. This causes a wetting transition from the Cassie-Baxter state into the Wenzel state. A similar behavior was observed by Aslanidou et al. [46], where droplets of oil was seen to sink into the grooves of the superhydrophobic coating that were formed during the coating process. Murakami et al. [47], using optical microscopy, observed that the wetting transition of water on pillared surfaces was dependent on both the diameter of the pillars and width of the grooves, as well as the height of the pillars. The effects of this wetting transition on the protective abilities and corrosion inhibition of the coating will be discussed in Section 3.3.




3.3. Electrochemical Studies


3.3.1. Open Circuit Potential


When a metal surface is exposed to an electrolyte, a mixed electrochemical or corrosion potential develops (Eoc). This is typically determined by the anodic reaction(s), cathodic reaction(s), and the electrolyte resistance in the electrochemical system. Since electrochemical systems can change with time due to the buildup of corrosion products or the breakdown of surface films, the OCP can vary with time. Generally, the OCP lies between the hydrogen reduction potential and the oxygen evolution potential in aqueous systems [22].



Figure 4 shows the OCP of the undamaged and damaged coatings as a function of time, and Table 3 shows the average OCP during the final 200 s of the test. As expected, the highest equilibrium potential was measured in the undamaged coating at −0.183 V. This is attributed to the highly protective nature of the coating as well as the pockets of air present on the surface, preventing the penetration of electrolyte to the substrate. Once the coating was abraded with the lowest tested load of 5 N, the Eoc decreased to −0.465 V. This was due to the reduction in thickness of the coating as well as the plowing of the coating. The samples abraded with the 10 and 15 N loads showed OCP values of −0.536 and −0.596 V, respectively. This indicates that the protective ability of the coating progressively decreased as the surface was abraded with higher loads. It can be noted that as the load increases, the corrosion potential gets closer to that of the uncoated sample. Furthermore, as the coating transitions from the Cassie-Baxter state of wetting into that of the Wenzel state, electrolyte penetrates the hierarchical surface structure and into either the micro- or nano-structure.




3.3.2. Potentiodynamic Polarization


Potentiodynamic polarization (PDP) tests were carried out to understand the corrosion behavior of the superhydrophobic coating. Shown in Figure 5 are the polarization curves for BS, SS, 5, 10, and 15 N samples. Properties such as icor, Ecor, and polarization resistance (Rp) can be determined from polarization curves. Rp can be determined by using the Stern-Geary relationship [48], given by Equation (1):


   R p  =    β a   β c    2.303  i  c o r    (   β a  +  β c   )     



(1)




where βa and βc are anodic and cathodic Tafel slopes, respectively. βa and βc, along with icor, were determined directly from the integrated software available with the potentiostat.



The corrosion inhibition efficiency (η) of the samples was estimated using Equation (2):


  η =    i  b a r e   s a m p l e   −  i  c o a t e d   s a m p l e      i  b a r e   s a m p l e     × 100  



(2)




where i is the current density of either the bare or the coated sample. This was used to determine how effective the coating was at protecting the surface at each abrasive load.



Table 4 shows the calculated Ecor, icor, βa, βc, Rp, and η values from the PDP curves. The 5, 10, and 15 N samples had Ecor values of −0.317, −0.369, and −0.541 V, respectively. The bare sample had an Ecor of −0.521 V. The Ecor values of the bare and 15 N samples were expected to almost be the same due to how close together their polarization curves were. However, due to the natural drift from equilibrium that happens in electrochemical systems, there was a difference of about −0.020 V, which can be a negligible amount. The SS sample had the smallest icor simply based on observation of the curve as compared to the others. Both the anodic and cathodic sides of this curve are nearly vertical, indicating total passivation or protection of the surface. As expected, the bare sample had the highest icor of all samples with a value of 1.274 × 10−5 A cm−2. However, after the application of the superhydrophobic coating and an abrasive load of 5 N, icor decreased by three orders of magnitude to 1.964 × 10−8 A cm−2. This was due to the protective nature of the superhydrophobic coating, preventing the penetration of the aqueous solution to the substrate. Additionally, the presence of pockets of air on the surface helped prevent the penetration of electrolyte to the substrate, reducing the number of corrosion reactions taking place. Increasing the abrasive load from 5 to 10 N resulted in an increase of the icor by two orders of magnitude to 1.140 × 10−6 A cm−2. As the load is increased, the high surface roughness of the coating is progressively damaged, leading to a change in the wetting properties of the coating. Additionally, the pockets of air present on the surface also decreased as the surface was abraded with increasing loads. As the load is increased from 10 to 15 N, icor increased to 4.632 × 10−6 A cm−2. At this point, the polarization curve of the 15 N sample almost overlaps the bare sample, indicating similar corrosion behavior. From the optical images in Figure 6d, abrasion of the coating at increased loads causes plowing of the coating, thereby exposing the substrate.



Rp determined from the plots can give insight into how effective the coatings are at preventing the transfer of electrons between the anodic and cathodic sites. The lowest Rp was measured in the bare sample, with a value of 1.004 × 103 Ω cm2. This is due to the relative ease with which electrons can move between the anodic and cathodic sites on the substrate. The application of the superhydrophobic coating increased Rp by three orders of magnitude to 2.578 × 106 Ω cm2 in the sample abraded at 5 N. This high resistance indicates that it is difficult for electrons to move between anodic and cathodic sites on the substrate, thereby inhibiting corrosion. With the 10 and 15 N loads, a decrease of two and three orders of magnitude, respectively, to values of 3.668 × 104 and 6.671 × 103 Ω cm2, respectively, was observed. At the load of 15 N, the Rp is within the same order of magnitude as the bare sample, indicating a similar behavior for the surface to be polarized.



If the bare sample is considered to have a η of 0, the coated sample at the 5 N load showed almost complete corrosion inhibition at a value of 99.846%. At the load of 10 N, η decreased to 91.052%, and similarly, the 15 N load showed a decrease of η to 63.642%. Though the polarization curves of the bare sample and the 15 N load are nearly overlapping, the coated sample still showed to be better at inhibiting corrosion as compared to the bare sample.



Figure 6a–d show the progression of coating performance as the abrasive load is increased. Figure 6a shows the coating in the undamaged condition and it can be seen that no corrosion reactions have taken place. This further confirms the nearly vertical anodic and cathodic regions of the SS curve in Figure 5. Figure 6b shows the corroded area of the sample that had been abraded at 5 N. Corrosion can be seen in the abraded regions of the surface given by the minor dark spots. Increasing the load to 10 and 15 N, shown in Figure 6c,d, respectively, the damage due to corrosion is far more evident as compared to the undamaged and 5 N samples.




3.3.3. Electrochemical Impedance Spectroscopy


EIS is a valuable tool that can be utilized to determine the impedance response between the electrode and electrolyte interface over a wide frequency range to characterize its corrosion performance. Various elements such as resistive response from the electrolyte resistance of the solution, the resistance of the surface film, and the charge transfer resistance of both anodic and cathodic reactions can be observed from EIS data in various frequency regions [49]. When a metal is protected by a polymer coating, the impedance modulus (|Z|) obtained at the low-frequency limit of 10−1 Hz is usually attributed to the protective ability of the coating. Thus, a higher |Z| or resistance implies better protective ability of the coating and a lower |Z| or resistance suggests worse barrier properties. The overall response of the coating can be determined by observing the entire chosen frequency range.



Figure 7a,b show the magnitude and phase diagrams of the bare, coated, and coated samples with varying abrasive loads. Table 5 shows the |Z| values of each sample at the low-frequency limit of 10−1 Hz. As expected, the uncoated sample demonstrated the lowest |Z| of 6.317 Ω cm2, showing a high susceptibility to corrosion. The phase angle plot (Figure 7b) of the uncoated sample shows one time constant around 102–103 Hz, demonstrating the initiation and propagation of corrosion reactions on the surface of the sample. With the superhydrophobic coating, however, the |Z| at the low-frequency limit increased by ten orders of magnitude to a value of 1.582 × 1010 Ω cm2, showing high insulating and protective properties. The undamaged nature of the coating as well as the pockets of air present at the coating and electrolyte interface gives rise to the high impedance. In addition, the phase angle of the coated sample is nearly 90°, indicating its almost purely capacitive behavior. Upon abrading the coated sample with a 5 N load, the low-frequency |Z| decreased by one order of magnitude to a value of 1.421 × 109 Ω cm2. As the coating contact angle reduced at increasing loads, the number of air pockets present on the surface also decreased. The phase angle decreased to around 60° at the low-frequency limit for the sample abraded with 5 N. This shows that at higher frequencies, the coating behaves almost purely as a capacitor, however, it becomes more resistive as the frequency decreases, showing the potential for the initiation of corrosion reactions. Increasing the abrasive load from 5 to 10 N reduces the low-frequency |Z| by six orders of magnitude to 1332 Ω cm2. This indicates that the barrier properties of the superhydrophobic coating have severely degraded. However, the polymer coating as well as the pockets of air remaining at the coating and electrolyte interface still protects the substrate as compared to the bare sample. From the phase plot, it can be observed that the 10 N load has two time constants present. One time constant is observed between 101–103 Hz and another between 10−1–10 Hz. The high-frequency time constant is attributed to the protective nature of the polymer coating and the low-frequency time constant is attributed to the corrosion reactions taking place at the substrate. Similarly, the phase angle is also near 0° for the entirety of the frequency range, indicating that the coating is no longer capacitive and is purely resistive, showing its high susceptibility to corrode. This same trend is observed when the load is increased from 10 to 15 N, where the low-frequency |Z| further decreases by two orders of magnitude to 42.34 Ω cm2. As in the 10 N sample, two time constants can also be observed in the 15 N sample, with one observed between 102–104 Hz and another between 10−1–10 Hz. At this point, the protective properties of the superhydrophobic coating are nearly negligible and the surface behaves almost like the bare sample. The coating has transitioned from the Cassie-Baxter state to the Wenzel state and this causes wetting of the hierarchical structure though the CA remains high.






4. Conclusions


In this study, a commercial superhydrophobic coating has been evaluated based on its surface, wetting, and corrosion properties after the application of varying abrasive loads. This study showed that an abrasive load has a direct impact on the surface roughness and hierarchical structure of a superhydrophobic coating, and this affected the wetting and corrosion inhibition properties of the coating. The surface roughness of the coating decreased with increasing abrasive loads, though it still maintained superhydrophobicity. After application of a specific load, the coated sample transitioned from the Cassie-Baxter state of wetting into that of the Wenzel state. The coated surface showed high contact angles and roll-off angles at loads below 15 N, however, at the 15 N load, the hierarchical structure on the superhydrophobic surface was damaged, causing wetting of the micro-scale roughness. The corrosion current density increased and the resistance to polarization decreased with increasing abrasive loads due to the increased wettability of the surface. Plowing of the coating allowed the electrolyte to penetrate the coating and to the substrate, initiating corrosion reactions. From this study, the mechanical and electrochemical stability of a commercially available superhydrophobic coating after application of varying abrasive loads has been established to better understand and characterize its industrial and commercial viability.
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Figure 1. Scheme of abrasion pattern. 






Figure 1. Scheme of abrasion pattern.
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Figure 2. Optical profiles of (a) coated sample and coated sample with abrasive load of (b) 5 N, (c) 10 N, and (d) 15 N. 
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Figure 3. Contact angle images of (a) uncoated, (b) coated, and coated sample with abrasive load of (c) 5 N, (d) 10 N, and (e) 15 N. 
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Figure 4. OCP of the bare, coated, and coated samples at increasing abrasive loads. 
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Figure 5. Tafel curves of the bare, coated, and coated samples at varying abrasive loads. 
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Figure 6. Progression of coating performance as a function of abrasive load with (a) undamaged coating, and coating at loads of (b) 5 N, (c) 10 N, and (d) 15 N. 
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Figure 7. (a) Magnitude vs. frequency and (b) phase angle vs. frequency of uncoated, coated, and coated at abrasive loads of 5, 10, and 15 N. 
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Table 1. Average surface roughness (Ra) of the uncoated, coated, and coated and abraded samples.






Table 1. Average surface roughness (Ra) of the uncoated, coated, and coated and abraded samples.





	Sample Name
	Ra (nm)





	BS
	56.73 ± 8.49



	SS
	764.57 ± 33.18



	5 N
	727.33 ± 10.22



	10 N
	633.67 ± 22.76



	15 N
	543.93 ± 19.61
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Table 2. Measured contact angle (CA) and contact angle hysteresis (CAH) for BS (bare steel sample), SS (undamaged superhydrophobic coating), 5, 10, and 15 N samples.






Table 2. Measured contact angle (CA) and contact angle hysteresis (CAH) for BS (bare steel sample), SS (undamaged superhydrophobic coating), 5, 10, and 15 N samples.





	Sample Name
	CA (°)
	CAH (°)
	CAH (Parallel) (°)
	CAH (Perpendicular) (°)





	BS
	66.15 ± 2.87
	18.48 ± 1.59
	-
	-



	SS
	158.95 ± 0.54
	5.00 ± 0.25
	-
	-



	5 N
	155.48 ± 2.13
	-
	6.23 ± 2.64
	6.75 ± 0.41



	10 N
	150.49 ± 2.09
	-
	7.22 ± 2.35
	7.34 ± 2.44



	15 N
	146.11 ± 2.70
	-
	13.72 ± 5.36
	12.75 ± 3.34
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Table 3. Average open circuit potential (OCP) of the bare, coated, and coated samples at increasing abrasive loads during final 200 s.






Table 3. Average open circuit potential (OCP) of the bare, coated, and coated samples at increasing abrasive loads during final 200 s.





	Sample Name
	Potential (V)





	BS
	−0.733



	SS
	−0.183



	5 N
	−0.465



	10 N
	−0.536



	15 N
	−0.596
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Table 4. Corrosion potential (Ecor), Tafel slopes (βa and βc), corrosion current density (icor), polarization resistance (Rp), and corrosion inhibition efficiency (η).






Table 4. Corrosion potential (Ecor), Tafel slopes (βa and βc), corrosion current density (icor), polarization resistance (Rp), and corrosion inhibition efficiency (η).





	Properties
	BS
	SS
	5 N
	10 N
	15 N





	Ecor (V)
	−0.521
	-
	−0.317
	−0.369
	−0.541



	βa
	0.039
	-
	0.138
	0.116
	0.079



	βc
	0.111
	-
	0.753
	0.567
	0.717



	icor (A cm−2)
	1.274 × 10−5
	-
	1.964 × 10−8
	1.140 × 10−6
	4.632 × 10−6



	Rp (Ω cm−2)
	1.004 × 103
	-
	2.578 × 106
	3.668 × 104
	6.671 × 103



	η (%)
	0
	-
	99.846
	91.052
	63.642
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Table 5. Impedance modulus (|Z|) at low-frequency limit of 10−1 Hz.






Table 5. Impedance modulus (|Z|) at low-frequency limit of 10−1 Hz.





	Sample Name
	|Z| (Ω cm2)





	BS
	6.317



	SS
	1.582 × 1010



	5 N
	1.421 × 109



	10 N
	1332



	15 N
	42.34



	BS
	6.317











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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