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Abstract

:

In many regions around the world, atmospheric icing during freezing rains and ice storms can cause severe damage to exposed infrastructure. Subsequently, protective coatings capable of ice accumulation prevention or ice adhesion reduction, often referred to as icephobic coatings, have gained a significant amount of interest. In this study, we examine an atmospheric-pressure plasma jet technique for the development of organosilicon-based icephobic coatings on aluminum substrates. Initially, Al-6061 samples are exposed to multiple passes of air plasma treatment at very short jet-to-substrate distances to create a microporous alumina-based surface structure. These surfaces are then used for plasma deposition of superhydrophobic coatings in the same jet with hexamethyldisiloxane (HMDSO) as the precursor and nitrogen as the plasma gas. Several samples are created with varying plasma precursor flow rates and number of deposition passes. All samples are exposed to three cycles of icing/de-icing to estimate coatings’ stability in aggressive natural conditions. The effects of multiple icing/de-icing cycles on surface chemistry, surface morphology, and wetting behavior is studied. It is shown that the most remarkable mechanism through which icing affects surface properties is coating removal during aggressive de-icing procedure. Finally, the icephobic properties of the most efficient coating (referred to as PT5x3) is further studied through 10 cycles of icing/de-icing, and it is shown that this coating can reduce ice adhesion strength by a factor of at least two for up to nine cycles of icing/de-icing.
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1. Introduction


Several countries around the world such as Canada, United States of America, Sweden, Norway, Russia, and China contend with ice-related problems on a yearly basis. Ice accumulation during different atmospheric events, if not addressed swiftly and with precision, can lead to power shortages, driving and aviation accidents as well as significant life hazards. Glaze ice, which is formed by the instantaneous solidification of super-cooled water droplets upon impact with exposed structures, is the most problematic form of atmospheric icing due to its density, hardness, and adhesion to the surface. Specifically, for power transmission networks, formation of glaze ice can lead to catastrophic failure [1]. To prevent failure, power companies have attempted to build overhead lines and transmission towers that are capable of withstanding large icing events. This requires strengthened towers and expensive lines, which will increase the construction and maintenance cost [2,3]. To avoid such excessive costs while preventing the failure of power transmission networks under icing conditions, a solution should be found to either remove the ice from the surface through mechanical or thermal means (active icing protection) or prevent its accretion through a protective coating on the surface (passive icing protection). The term “icephobic coating” is broadly used to refer to such coatings, but no conclusive definition for icephobicity exists in the literature. Some studies define icephobicity as low adhesion strength between ice and a solid surface [4,5,6,7,8]. In this case, ice adhesion strength can refer to shear stress [9,10] or normal stress [11,12,13]. Some other studies define icephobicity as the ability to prevent, delay, or reduce ice accumulation [13,14]. However, the data presented in such studies is greatly dependent on the methodology used for ice accumulation and ice removal: several factors, such as thermal expansion of ice, stress distribution and loading rate during ice removal, environmental conditions during and after ice accretion, or salinity of water used for ice accumulation may affect the ice adhesion data. This introduces a great deal of difficulty in comparing different icephobic coatings introduced in the literature [9]. The quantitative values ranging from tens of kPa [15] to 1 MPa [16] are reported, but a majority of values are in the range of hundreds of kPa [17,18]. In some cases, the adhesion strength value determined for the same sample can vary by multiples orders of magnitude when a different de-icing method is used [16]. To address these inconsistencies, some studies report on the adhesion reduction factor (ARF), which is defined as the ratio between ice adhesion strength on a given icephobic surface to the ice adhesion strength on an untreated (control) sample [19].



Conventionally, the development of icephobic surfaces is closely related to superhydrophobicity. Generally, wetting characteristics is studied to better evaluate the icing properties of a surface. Several studies suggest that superhydrophobic surfaces can exhibit icephobic behavior [2,20,21,22,23,24,25,26]. While hydrophobic coatings are shown to be able to reduce the ice adhesion strength to some extent, it has been unclear how this reduction correlates with various measurements of a superhydrophobic surface. This uncertainty was changed when a strong linear correlation was reported between ice adhesion strength and a water wetting related parameter [6,27]:


  τ ∝  [  1 + cos  θ  r e c    ]   



(1)




where τ is the ice adhesion strength and    θ  r e c       is the receding angle for a water droplet.    [  1 + cos  θ  r e c    ]      scales with the practical work of adhesion, which is the energy required to remove a water droplet from a surface [28]. Meuler et al. studied the ice adhesion strength data from three separate studies (Meuler et al. [6], Dotan et al. [29], and Kulinich and Farzaneh [4]) performed on different sets of surfaces and found a linear relationship between ice adhesion strength and    [  1 + cos  θ  r e c    ]   , regardless of the ice deposition process and measurement method used [30]. This correlation is further discussed in Section 3.1.



Several studies have cast doubts on the correlation between superhydrophobicity and icephobicity [31,32,33]. It is often argued that it is not accurate to expect any given superhydrophobic surface to be icephobic. For instance, if the surface features are large enough for water droplets penetration (Wenzel wetting regime), ice adhesion may be increased with contact angle. However, some other studies reveal a correlation between superhydrophobicity and icephobicity [13,22,34,35,36,37,38,39]. It has been shown that a low contact angle hysteresis is a defining criterion in icephobicity [4,19,40,41]. Surfaces with low contact angle hysteresis showed lower ice adhesion strength along with longer delays in freezing times. This suggests that icephobicity is more likely to be achieved in Cassie–Baxter wetting regime. In fact, Meuler et al. have suggested that effective icephobic surfaces must resist transition to fully wetted Wenzel regime that may be brought about by the kinetic energy of impinging water droplets or by the condensation moisture from the ambient atmosphere within the micro and/or nanotextures of the substrates [30]. In Cassie ice, the contact area between ice and substrate is significantly reduced, resulting in a reduction of ice adhesion strength, whereas in Wenzel ice, the real contact area is increased due to surface morphology, leading to an increase in total ice adhesion [42].



Recently, a few studies further investigated the correlation between hydrophobicity and icephobicity [43] and suggested that a superhydrophobic surface can reduce or prevent the ice accretion by one or more of the following mechanisms:




	
The heat transfer between the droplet and the surface is hindered by the insulation effect of the nano-structured roughness on the surface. In other words, the micro/nano structure on a superhydrophobic surface acts as an insulating layer on the interface to reduce the heat flux between the liquid and the substrate [22,35,38].



	
In a superhydrophobic surface, contact area between the surface and the water droplet is significantly smaller and therefore, less potential nucleation points are available on the surface. Lower contact area results in higher activation energy for nucleation and growth of the ice crystals. It has been shown that for a superhydrophobic surface, the contributions of solid/liquid interface to the solidification process are negligible [22]. In this case, homogeneous nucleation (which is known to have significantly higher activation energies), is dominant. Moreover, smaller contact area can lead to lower heat transfer between the droplet and the surface, which subsequently delays the freezing point [13].



	
Unlike hydrophilic surfaces, water droplets are extremely mobile on a superhydrophobic surface and will rebound upon impact. The time for which the water droplet is in contact with the surface before rebounding on a superhydrophobic surface is referred to as the droplet rebound time or shedding time. Mishchenko et al. used high speed imaging to study the impact mechanism and rebound time on several morphologies [44]. They showed that the droplet rebound time can be as short as 20 ms in some cases. If the drop rebound time is smaller than the time needed for ice nucleation, then it can be expected that the ice formation is reduced or prevented [34,37,44,45,46,47].








Although the correlation between superhydrophobicity and icephobicity is often expressed in the literature, several case-dependent factors exist that can increase the ice adhesion strength and thus weaken the icephobic characteristics on a superhydrophobic surface. Unfortunately, most of the studies done in this regard only report the superhydrophobicity and/or icephobicity of the surface, and only a few studies have been done on the stability of such surfaces under various conditions such as UV exposure or multiple consecutive icing/de-icing cycles. Even when some sort of durability investigation is performed for an icephobic sample, the data is strongly dependent on the icing and/or de-icing method used. For instance, Boinovich et al. [48] have presented contact angle data after 100 icing de-icing cycles. However, the icing procedure in their work consists of placing the samples in contact with distilled water at low temperature, while de-icing procedure is simply increasing the temperature until the ice thaws on the surface. In another example of hundred of icing/deicing cycles [49], ice is formed on the surface by simply placing a water droplet on the substrate and reducing the temperature until the droplet is frozen. The ice is then removed by straining the substrate. Compared to methods where ice shedding is done through applying shear or normal stress to the accumulated ice, these deicing methods are significantly less aggressive towards the coating, and thus coatings that can maintain some sort of icephobic properties after hundreds of “cycles” are not unusual. In fact, to the best of our knowledge, when an aggressive de-icing method is chosen to remove the ice from the surface by applying (controlled) shear or normal stress to the ice layer, icing cycles are usually limited to 10–20 cycles [4,5,6]. It should be noted that the number of icing/deicing cycles in such cases cannot be correlated to the number of icing events in natural conditions. In any case, for practical applications, the surface should sustain different natural environments, from severe sub-zero conditions and freezing rains in winter to extreme UV exposure and hot weather in summer. It is well known that most of the current coatings will degrade after exposure to several icing/de-icing cycles [5,16,22,48]. Ice build-up and subsequent shedding can destroy the micro/nano-structured roughness on the surface as well as altering the chemical composition of the coating. Therefore, assuming the wide application of such surfaces in outdoor environments, the icephobic characteristics will diminish over time. Another issue which must be addressed is the effect of humidity on the performance of icephobic coatings. Water condensation in humid conditions can degrade the hydrophobic behavior of a surface by covering the roughness features with water and increase the liquid-solid contact area. Similarly, it was shown that in icephobic applications, frost formation in a supersaturated environment prior to freezing is of significant importance [5,8,48,49]. Before the water solidification, frost can cover the micro/nano structure on the surface, thus reducing the hydrophobicity of a surface and increasing the ice adhesion strength. In this case, ice adhesion strength was shown to increase linearly with surface area, suggesting that frost can cover the whole structure, including post tops, side walls, and valleys [8]. However, it has been suggested that hierarchical structures (surface with multiple levels of roughness) can significantly reduce frost formation. For instance, the wings of Morpho Nestira, a butterfly species native to south and Central America, retain its superhydrophobic properties even in low temperatures and high humidity due to the micro/nano-structured hierarchical surface structure [50], while the superhydrophobic properties of lotus leaf (with only one level of roughness in the range of nanometers) deteriorates rapidly as the temperature decreases or as the humidity increases. This was shown to depend on the area fraction of the solid surface in contact with the liquid (f1) [51]. A threshold of f1 < 0.068 for the frost-formation prevention was also defined, which suggests a relationship between frost formation and water wetting regime, since a smaller f1 value corresponds to wetting regimes closer to Cassie–Baxter [52].



Hexamethyldisiloxane, or HMDSO, is an organosilicon precursor well-known and widely used in low pressure and atmospheric pressure plasma treatment applications due to several environmental, economical, and technical factors [53,54,55,56,57]. It consists of a siloxane group (Si–O–Si) bonded to six methyl (–CH3) groups. Since methyl is a low surface energy component [58], HMDSO is also considered to be a prime candidate for hydrophobic and superhydrophobic applications. Numerous studies have reported the development of hydrophobic coatings using HMDSO through various methods and geometries: Superhydrophobic/icephobic coatings were also developed on the surface of anodized aluminum samples though low pressure plasma polymerization with HMDSO as the precursor [59]. These coatings were shown to be relatively stable against natural factors and could maintain their icephobic behavior after 15 cycles of icing/deicing. However, low pressure plasma treatment requires expensive vacuum chambers and pumping system, which can be very expensive, complicated, and impractical for large samples. Atmospheric pressure treatment on the other hand, can be much cheaper with higher growth rates compared to equivalent low-pressure systems, and may be easily implemented in production lines in a wide range of industries. For instance, the deposition time in low-pressure for the HMDSO-based icephobic coating mentioned above is 25 min, which is significantly longer than that of similar coatings in atmospheric pressure (between 1 and 3 min) [60]. Furthermore, coatings deposited under low pressure plasma polymerization are significantly thinner (few nanometers thickness in low-pressure compared to several micrometers in the case of atmospheric deposition) with a drastically different surface morphology.



In this study, a passive icing protection method based on treatment of Al-6061 by atmospheric-pressure plasma jet is examined and the efficiency of such method is studied. Pre-treated aluminum samples are used as substrate for coating deposition in nitrogen plasma with hexamethyldisiloxane (HMDSO) as the precursor. The effects of some of the jet parameters on surface morphology, surface chemistry, wetting behavior, and icephobic characteristics is studied. Finally, the effects of some of the most common environmental factors on surface efficiency for icephobic applications are investigated.




2. Experimental Procedure


First, 30 × 50 × 1.8 mm3 samples were cut from Al-6061 sheets provided by ALCAN. For all plasma treatment procedures, a commercial OpenAir AS400 atmospheric pressure plasma jet (APPJ) manufactured by PlasmaTreat® (Elgin, IL, USA) with a PFW10 nozzle was used. The schematics of the jet is presented in Figure 1a. The process was open to ambient air and was carried out at room temperature and in uncontrolled humidity conditions. At first, the samples were exposed to multiple scans of air plasma treatment at very short jet-to-substrate distances to generate an alumina-based micro-roughened porous surface structure on the aluminum substrate (Figure 2). The details of this process, which is driven by the formation of electric discharges between the rotating arc inside the jet body and the substrate, were previously studied by the authors [61]. These “pre-treated” samples were then cleaned in an ultrasonic bath of ethanol and de-ionized water (15 min each at room temperature) to remove any surface contamination prior to coating deposition. For deposition step, the plasma jet was slightly modified with a quartz tube (Figure 1b) mounted on the jet-head. The effects of this modification on surface morphology, surface chemistry, and Si–O network structural integrity is discussed elsewhere [60]. HMDSO (Sigma-Aldrich®, St. Louis, MO, USA, >98%) was used as the growth precursor. Nominally pure nitrogen gas was purchased from Praxair and was used as received. All samples studied here were prepared by the injection of HMDSO vapor (vaporized at 125 °C) mixed with a carrier gas (nitrogen) into the flowing afterglow region of a nitrogen plasma on pre-treated aluminum surfaces.



Deposition parameters were chosen in a way to highlight the effects of plasma parameters on surface properties. In total, five samples were prepared (Table 1). For all samples, plasma power was set to 500 W, plasma duty cycle (ton/tcycle) to 50%, jet speed to 1 m/min, jet-substrate distance to 30 mm, ionization gas flow rate to 400 L/h, and carrier gas flow rate to 400 L/h. To study the effects of precursor flow rate on the icing behavior of the coatings, PT3 and PT5 were created with a precursor flow rate of 3 and 5 g/h, respectively. Furthermore, to study the effects of multiple deposition passes on icephobic behavior, PT3x3 was created with three deposition passes with identical plasma conditions to PT3 with three deposition passes, and PT5x3 and PT5x6 were created with identical plasma conditions to PT5 with three and six deposition passes, respectively. The rest of the plasma parameters, summarized in Table 1, were identical for all cases.



A JSM-7600F scanning electron microscope (SEM) manufactured by JEOL® (Tokyo, Japan) was used to acquire images of coating’s surface structure before and after icing/de-icing. Presence of various chemical functions on the surface was studied through Fourier transform infrared spectroscopy (FTIR). A Bruker Vertex 70 FTIR system (Billerica, MA, USA) was used in ATR mode with a resolution of 2 cm−1. Each of the FTIR spectra presented in this paper were averaged over 32 consecutive scans on the sample, and the data acquisition and analysis was done using the Bruker-provided software, called OPUS (version 8.2). Further chemical analysis on the chemical composition of the surface and the chemical state of silicon was performed using an X-ray photoelectron spectrometer (XPS) with a non-monochromatic Al (max energy 1486.6 eV) anode manufactured by Staib Instruments® (Langenbach, Germany). Scanning parameters used for the acquisition of survey and high-resolution spectra are presented in Table 2. All analyses on the spectra were performed using CasaXPS software (version 2.3.22). Charge compensation was performed by fitting a synthetic peak in C 1s envelope and then calibrating the peak position to 284.5 eV.



All water contact angle measurements were performed using a DSA100 goniometer manufactured by Kruss® (Hamburg, Germany). Static contact angle was measured by placing a 4 µL droplet on the surface and calculating the angle at the three-phase interface based on Young–Laplace approximation. Static contact angle values presented here are the average of at least 15 measurements on different locations and/or samples. To evaluate the dynamic wetting behavior, at first the needle was placed close to the surface and a 4 µL droplet was deposited on the surface. Then the volume of this droplet was steadily increased to 13 µL with a rate of 3 µL/min. The contact angle on each side of the droplet was measured five times per second using the tangent method. Advancing contact angle can then be defined based on the contact angle vs. time curve. Similarly, the receding contact angle was defined by reducing the droplet volume back to its initial value and constantly measuring the contact angle of the moving interfaces. For more information on this procedure, see [62,63].



The same goniometer along with a Photron SA1.1 (675K-M2) high-speed camera (Photron, Tokyo, Japan) was used to study the droplet mobility on the coatings. This camera is capable of recording videos with up to 60,000 frames per second, but for droplet mobility studies the frame rate was set to 5400 fps to maintain a sufficient image resolution. Initially, a 10 µL droplet was generated in the goniometer. This large droplet size was chosen in order to highlight the shape distortion and droplet disintegration during rebound. This droplet was then forced to free-fall towards the coating from a 300-mm height and the bouncing behavior was recorded with the high-speed camera.



A horizontal wind tunnel with a total air flow path of 30 m operating in sub-zero temperatures was used to simulate natural atmospheric icing conditions. The schematics of this wind tunnel are presented in Figure 3. It was equipped with three water nozzles which were responsible for the generation of a super-cooled mist from which the ice grows. Prior to icing, samples were kept at −10 °C for at least 1 h. The samples were then mounted on aluminum beams and were placed vertically in the test section of the wind tunnel, facing the nozzles. The operational conditions of the wind tunnel are presented in Table 3.



The samples were exposed to the conditions presented in Table 3 for 9 min (which correlates to an ice thickness of roughly 1 cm) before being returned into a cold room at −10 °C. Iced surfaces were then kept at −10 °C for 20 min before the de-icing procedure using a homemade centrifugal instrument. De-icing was performed by rotating the beams at a controlled speed and measuring the rotational speed at which the ice detaches from the surface. The ice adhesion strength can then be determined according to:


  τ =   m r  ω 2   A   



(2)




where  τ  is the ice adhesion strength (kPa),  m  is the mass of the accumulated ice (kg),  r  is the beam radius (0.17 m),  ω  is the rotational speed of the beam at the point of ice detachment (rpm), and  A  is the contact area between the ice and the surface (m2).




3. Results and Discussion


A comprehensive characterization of these coatings prior to any icing/de-icing cycles has already been published [60,64]. Through FTIR and XPS studies, it was shown that the surface structure consists of a Si–O network backbone with organic functions replacing oxygen atoms at some positions. Furthermore, SEM analysis showed a hierarchical structure with features ranging from tens of micrometers to only a few nanometers. This nanometric surface structure, along with the inclusion of low-surface-energy organic groups in the silica network, results in a superhydrophobic surface with static contact angles higher than 150° and contact angle hysteresis lower than 6°. In this paper, the icephobic behavior of superhydrophobic coatings are emphasized and the effects of multiple icing/de-icing cycles on surface properties is studied.



3.1. Wetting Behavior and Icephobic Properties


All surface developed here are superhydrophobic with nearly perfect roll-off behavior. Static contact angles and contact angle hysteresis for these surfaces prior to icing are presented in Figure 4.



As mentioned before, droplet mobility, for which contact angle hysteresis may act as a representation, plays an important role in prevention of ice accumulation or reducing the ice adhesion strength. A water droplet striking a superhydrophobic surface will expand to a maximum diameter (splash disk) and then recoils, bouncing off the surface [65]. Ice accumulation may be reduced or prevented if the time required for the nucleation and growth of ice crystals is longer than the time during which the droplet is in contact with the surface [44]. Here, through high-speed imaging of the interaction between a free-falling water droplet and the developed coatings, droplet mobility on the surface is demonstrated. Furthermore, based on the number of frames in which the droplet is in contact with the water, it is possible to determine the contact duration. In Figure 5, a few frames from the video acquired for PT5x3 are presented as an example.



The impact times (derived from the full videos) for all plasma-deposited coatings are presented in Figure 6. It is shown that the impact time for all the coatings studied here is less than 15 ms. The time required for a droplet to freeze on a surface is heavily affected by the droplet temperature, speed, and size, along with surface temperature, morphology, and thermal conductivity. However, it has been shown that on a completely wetted surface (hydrophilic surface), freezing time is in the range of a few seconds [44]. Therefore, the impact time on the superhydrophobic surfaces introduced here are multiple orders of magnitude shorter than the time required for ice crystals to form. This may result in lower ice accumulation all together or may reduce ice adhesion strength by inclusion of air bubbles at the interface.



All plasma-deposited coatings presented before are studied regarding their icephobic behavior for three cycles of icing/de-icing. The results are shown in Figure 7.



Figure 7a shows the static contact angle and Figure 7b shows the contact angle hysteresis measured after each icing/de-icing cycle while Figure 7c shows the ice adhesion strength for three icing/de-icing cycles. The data presented in Figure 7 are acquired from six separate measurements for each sample. However, due to the inherently chaotic nature of ice fracture, some measurements were deemed inconclusive. For instance, samples that exhibit cohesive failure (failure in the ice bulk instead of the ice/substrate interface) or partial removal of ice were not considered in the average values presented here. Error bars are omitted from Figure 7 to improve clarity and highlight the observed data trends, but are retained in Figure 8 for the most efficient coating (PT5x3).



In most cases, static contact angle decreases with the number of icing/de-icing cycles. This decreasing trend is more pronounced for single pass coatings (PT3 and PT5) compared to multi-pass coatings (PT3x3, PT5x3, and PT5x6), which suggests a partial removal of the coating during de-icing. After the first cycle, there is a small decrease in the static contact angle on PT3x3, PT5x3, and PT5x6. However, after the second cycle, static contact angle for PT3x3 decreases more significantly, but no remarkable decrease in the contact angle for PT5x3 and PT5x6 is observed. Finally, after the third cycle, there is a rather large drop in the static contact angle for PT5x3, but this decrease is not observed in PT5x6. Since one would expect PT5x3 to be thicker than PT3x3 and thinner than PT5x6, this trend confirms the correlation between coating thickness and the effects of de-icing on wetting behavior. In other words, PT5x6 is thicker than PT5x3 and PT3x3, and therefore it can retain its hydrophobicity even after significant coating removal. This is also demonstrated in the increasing trend in contact angle hysteresis with the number of icing/deicing cycles: single pass coatings exhibit the largest increase in the contact angle hysteresis, and this increase becomes smaller and smaller as the coating thickness increases. This was also confirmed by Wang et al., where a direct correlation was found between coating thickness and ice adhesion strength [66].



While studying icing behavior, it should be noted that ice adhesion strength cannot be directly correlated to wetting behavior or to contact angle: a hydrophobic or a superhydrophobic surface may be considered as a good candidate for icephobic properties, but to confirm icephobic behavior, ice adhesion needs to be studied separately. For instance, a coating may exhibit superhydrophobic behavior when a water droplet is placed on the surface without any excessive force (as is the case in most goniometry studies), but atmospheric ice is generally formed due to the impinging supercooled droplets, and thus the effects of kinetic energy transfer, droplet splashing, and droplet disintegration cannot be ignored (see Figure 5).



For all icing/de-icing cycles, the samples prepared with a precursor flow rate of 3 g/h (PT3 and PT3x3) exhibit higher ice adhesion strength compared to those prepared with a precursor flow rate of 5 g/h (PT5, PT5x3, and PT5x6). This seems to be due to the higher coating thickness and higher presence of hydrophobic groups on the surface [60,64]. Furthermore, PT3 and PT3x3 exhibit similar icephobic behavior, but this similarity is not observed in the case of PT5, PT5x3, and PT5x6. In these cases, the effects of coating removal after each de-icing is more apparent. PT5 and PT5x3 exhibit almost identical ice adhesion strengths for the first icing cycle, attesting to similar surface structure and icing behavior. However, ice adhesion strength rapidly increases with the number of icing/de-icing cycles for PT5, whereas this increase is not observed for PT5x3. This may correspond to a partial coating removal from both surfaces, which in the case of PT5 will lead to the underlying porous structure being exposed to the icing medium thus increases the ice adhesion strength. Since the coating is thicker in the case of PT5x3, coating removal after the first cycle is not as influential, and the icephobic surface structure may be retained on the surface. For PT5x6, ice adhesion strength increases significantly with the number of icing/de-icing cycles, which can be explained by the morphological differences between PT5x3 and PT5x6: recently, we have found that the agglomeration of deposited particles during six passes of plasma deposition in the atmospheric pressure plasma jet leads to the deposition of significantly larger silica-based particulates on the substrate [60,64]. These larger particulates become mechanically unstable, resulting in the appearance of a white powder on the substrate, which is easily removed. These particulates may be heavily affected by the impinging water droplets or by the wind speed, resulting in a lower mechanical stability of the surface structure.



Based on the results acquired for the first three icing/de-icing cycles, PT5x3 was identified as the most promising coating for further studies. In this context, icing/de-icing cycles were continued on PT5x3 for 10 consecutive cycles. Figure 8 shows the ice adhesion strength along with advancing and receding contact angles on PT5x3 for 10 cycles of icing/de-icing. The increasing trend in ice adhesion strength confirms the removal of the coating materials during de-icing. It can be observed that for the first nine icing/de-icing cycles, ice adhesion strength on PT5x3 is reduced by a factor of at least two compared to the ice adhesion strength on unpolished aluminum substrates. Ice adhesion strength increases to 228 kPa for the 10th cycle, which is more than double the ice adhesion strength for the first cycle.



From Figure 8, it is clear that ice adhesion strength follows a similar trend to that of receding contact angle: the in the receding angle after the second cycle corresponds to an increase in ice adhesion strength. Ice adhesion strength then remains constant for the next three cycles, during which receding angle is constant. Finally, ice adhesion strength increases after the seventh icing/de-icing cycle, where receding angle also decreases. A similar correlation between ice adhesion strength and receding angle was also suggested by Meuler et al. [6] for a flat surface. Plotting the data acquired in this study against the data presented in [6] (which is in turn deduced from their own measurements along with two other icing-related studies, [4,29]) suggests that a similar linear correlation exists between the ice adhesion strength of the developed organosilicon based coatings with ice adhesion strength (see Figure 9). It should be noted that this correlation is shown to be independent, at least to some degree, of the ice adhesion measurement method and icing conditions.




3.2. Surface Morphology


Surface morphology of the deposited coatings before and after multiple icing/deicing cycles was studied using scanning electron microscopy and the results are presented in Figure 10. More detailed and comprehensive analyses of coatings’ surface structure before icing were recently published by the authors [60,64]. Therefore, in this paper, the effects of icing/deicing cycles and aggressive environments on coatings surface structure is emphasized. It should be noted that as will be discussed later, PT5x3 exhibited the best icephobic behavior among the coatings being discussed here. Subsequently, to better evaluate its stability, 10 cycles of icing/deicing were performed for PT5x3. For the rest of the coatings, only three cycles were carried out.



From Figure 10, it is clear that a certain degree of coating removal is observed on all coatings after multiple icing/de-icing cycles. This is most likely due to the aggressive de-icing method used in this study, which may remove a part of the surface structure along with the accumulated ice. Sufficient coating removal may expose the underlying micro porous substrate to the icing medium, leading to a larger ice/substrate interfacial area and increasing the ice adhesion strength compared to the untreated sample. Note that in nature, ice removal is typically not as aggressive, and therefore 10 cycles of icing/de-icing as discussed in this paper cannot be correlated to 10 icing events in practical applications.




3.3. Surface Chemistry


Chemical composition of the coatings being discussed here was extensively studied in previous publications [60,64]. Through FTIR spectroscopy and high resolution XPS analysis of Si 2p core peak, it was suggested that the backbone of the surface structure (before icing) is a Si–O–Si matrix with hydrophobic organic groups replacing oxygen atoms at some positions. In this paper, the effects of icing/de-icing cycles on surface chemistry is emphasized. The results are shown in Figure 11.



In all cases, multiple cycles of icing/de-icing leads to a reduction in the atomic percentage of oxygen and silicon while increasing the atomic percentage of carbon. This corresponds to the removal of Si–O–Si structures from the surface due to the aggressive de-icing procedure used in this study. In fact, in PT3 and PT5, where coating thickness is expected to be lower than other cases, Al peak is observed in the XPS spectra acquired from the surfaces after three passes of icing/deicing: during de-icing, silicon-based structure is partially removed from the surface, exposing the underlying alumina-based structure. In other cases, since the coating is thicker, substrate is not exposed to the X-ray emission and therefore no Al peak is observed.





4. Conclusions


An environmentally friendly and economically feasible approach to the development of organosilicon-based superhydrophobic/icephobic coatings on Al-6061 substrates was reported. Multiple samples were developed with varying precursor flow rate and number of deposition passes. To estimate the coatings’ efficiency against aggressive natural conditions, ice adhesion strength was measured on all samples for three cycles of icing/de-icing. Coating removal during aggressive de-icing procedure was demonstrated on all samples. All samples were shown to reduce ice adhesion strength to some degree, with PT5x3 showing the best icephobic efficiency over the range of experimental conditions studied. This coating was capable of reducing the ice adhesion strength by a factor of 2 for at least nine cycles of icing de-icing. A correlation was found between ice adhesion strength and receding contact angle, although the exact nature of this correlation remains unknown. Due to the versatility of the main reactor used in this study (an atmospheric pressure plasma jet open to ambient air), the procedure introduced here may be easily implemented in large-scale industrial applications, such as in-line production of icephobic high voltage cables. Further improvement in the coating’s efficiency in icing conditions may be possible through fine-tuning of some of the plasma parameters studied here and considering some other parameters that were not considered in the present work, such as jet-substrate distance or the plasma gas and its flow rate. In this context, the cost to efficiency ratio should be considered. For instance, using argon or helium instead of nitrogen as the plasma gas may improve the icephobic behavior of the coating by reducing the amount of high surface energy nitrogen-based species on the surface, but these gases are more expensive than nitrogen, and thus the process cost would increase significantly. Furthermore, the mechanical stability of the coating may be improved through some plasma or non-plasma based post-treatment procedures.
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Figure 1. (a) Schematics of the modified atmospheric pressure plasma jet (APPJ) used in this study and (b) a closer look at the modified plasma jet. 
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Figure 2. Micro-structure formed on the surface after three passes of air plasma treatment. Samples are coated with conductive carbon prior to image acquisition. The results are shown for different magnifications: (a) ×1000, (b) ×2000, and (c) for 10,000. 
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Figure 3. Schematics of the wind tunnel used for ice accumulation. 
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Figure 4. Static contact angle and contact angle hysteresis before icing/de-icing cycles. 
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Figure 5. Selected frames from the high-speed video acquired from a 10 µL droplet (13 mm diameter) free-falling from a 300-mm height on PT5x3. 
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Figure 6. The impact time for a 10 µL droplet for all coatings. Free-fall height is set to 300 mm. 
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Figure 7. (a) Static contact angle, (b) contact angle hysteresis, and (c) ice adhesion strength for the first three icing/de-icing cycles for PT3, PT3x3, PT5, PT5x3, and PT5x6. 
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Figure 8. Ice adhesion strength and contact angles on PT5x3 for up to 10 cycles of icing/de-icing. 
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Figure 9. Correlation between ice adhesion strength and the practical work of adhesion (see Equation (1)) compared with the data derived from [4,6,29]. 
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Figure 10. Scanning electron microscope (SEM) images of the plasma-deposited coatings before and after icing/deicing cycles (insets are taken with ×10,000 magnification to better show the surface structure): (a) PT3 before icing, (b) PT3 after icing, (c) PT5 before icing, (d) PT5 after icing, (e) PT3x3 before icing, (f) PT3x3 after icing, (g) PT5x3 before icing, (h) PT5x3 after icing, (i) PT5x6 before icing, (j) PT5x6 after icing. For PT5x3, SEM images were acquired after 10 cycles of icing/de-icing, whereas for the rest of the samples they were acquired after 3 cycles of icing/de-icing. 
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Figure 11. Atomic percentages of silicon, carbon, aluminum and oxygen on all coatings derived from XPS. 
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Table 1. Plasma conditions used for preparation of samples.
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	Sample Name
	Monomer Flow Rate
	Plasma Power
	Plasma Duty Cycle
	Jet Speed
	Jet-Substrate Distance
	Ionization Gas Flow Rate
	Carrier Gas Flow Rate
	Number of Deposition Passes





	PT3
	3 g/h
	500 W
	50%
	1 m/min
	30 mm
	500 L/h
	400 L/h
	1



	PT3x3
	3 g/h
	500 W
	50%
	1 m/min
	30 mm
	500 L/h
	400 L/h
	3



	PT5
	5 g/h
	500 W
	50%
	1 m/min
	30 mm
	500 L/h
	400 L/h
	1



	PT5x3
	5 g/h
	500 W
	50%
	1 m/min
	30 mm
	500 L/h
	400 L/h
	3



	PT5x6
	5 g/h
	500 W
	50%
	1 m/min
	30 mm
	500 L/h
	400 L/h
	6
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Table 2. Acquisition parameters for survey and high resolution X-ray photoelectron spectrometer (XPS) spectra.
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Start Energy

	
End Energy

	
Step Width

	
dE

	
Dwell Time

	
# of Scans

	
Beam Power






	
Survey

	
1300 eV

	
0 eV

	
1 eV

	
4 eV

	
100 ms

	
5

	
150 W




	
High resolution

	
A ~ 20eV window around the peak

	
0.1 eV

	
0.3 eV

	
300 ms

	
10

	
300 W
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Table 3. Icing conditions used in the wind tunnel for ice accumulation.
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	Wind Velocity at the Test Section
	Air Temperature
	Water Pressure
	Air Pressure
	Droplet Mean Volume Diameter
	Liquid Water Content





	10 m/s
	−10 °C
	325 kPa
	100 kPa
	63.3 µm
	1.8 gr/m3











© 2019 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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