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Abstract

:

Hydrophobic coatings have potential applications in various fields, including for corrosion and weathering protection. In this study, we investigated the use of organopolysilazanes (OPSZs) combined with hydrophobic nanoparticles (NPs) on steel as a substrate to obtain hydrophobic coatings. The coatings were characterized using various techniques, and their hydrophobic properties and corrosion and weathering resistance were evaluated under near-shore marine conditions with high salinity, humidity and UV radiation. Our results show that the coatings exhibited excellent hydrophobic properties and significantly improved corrosion and weathering resistance compared to an uncoated steel and a pristine polymer. These findings suggest that the developed coatings have the potential to provide protection against corrosion for atmospheric and splash exposures in marine environments.
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1. Introduction


Surface wetting behavior can generally be classified into four different regimes based on the value of the water contact angle (WCA, θ): superhydrophilic (θ < 10°), hydrophilic (10° < θ < 90°), hydrophobic (90°< θ <150°), and superhydrophobic (θ > 150°) regimes [1,2]. Studies have demonstrated that an adequate combination of surface roughness and chemical composition is the key for the preparation of hydrophobic and superhydrophobic engineered surfaces.



Hydrophobic and superhydrophobic surfaces have aroused great attention among the scientific and industrial communities for their high water repellence, which entails associated properties of interest, such as anti-corrosion, self-cleaning, anti-icing, anti-adherence, reduction of bio-fouling, and antimicrobial or water vapor barrier effects, among others [1,2]. Therefore, these surfaces offer a wide range of technological applications for diverse sectors.



Various materials and techniques have been used to prepare hydrophobic and superhydrophobic coatings, including both organic and inorganic materials, as well as diverse techniques, such as electrochemical deposition [3], sol–gel [4,5], plasma etching [6], chemical vapor deposition [7], templating, etching, anodization, self-assembling, dip-coating and spray-coating techniques [8,9,10]. These methods can result in different morphologies, roughnesses, and chemical compositions of the coatings, which impact their water-repellent properties [10]. However, the main limitation of most of the employed methods is their high cost, associated with their application complexity or the amount of processing required to accurately create nanostructures. In addition, since hydrophobicity is a superficial property, the main disadvantage is its limited durability against degradation by external agents. Hydrophobic surfaces can be deteriorated by several environmental mechanisms, mainly by mechanical wear, although others, such as chemical reactions with solvents or gases, ultraviolet (UV) exposure, rain, humidity and contamination, also contribute [11].



The vast majority of hydrophobic and superhydrophobic surfaces have a very limited resistance to abrasion and environmental degradation (losing hydrophobicity at the outermost layer), and, therefore, the stability of the nanocoating has a reduced durability [1,12]. The challenge of durability has restricted the use of hydrophobic surfaces in commercial and industrial applications [11].



In order to overcome the aforementioned limitations, the use of nanotechnology for the formulation of new durable and effective hydrophobic coatings is postulated as a potential solution. Polymer-based nanocomposites are one of the most popular fields of current research. Specifically, nanocomposite fabrication from organic polymers using nanoparticles as additives has been creating high expectations in the coatings industry sector [13].



Organic nanocomposite coatings consist of a polymeric matrix to which a nanofiller is integrated, which provides the intended functionality to the surface. The great advantages of organic coatings over other types of coatings are the abilities to obtain excellent properties at a lower cost and to use simple application technologies.



However, due to the high specific surface of nanomaterials, the tendency to aggregate means that their integration into polymeric matrices is still a technically complex process. In this sense, in order to achieve the characteristic of hydrophobicity and, at the same time, durability over time, it is necessary to guarantee an optimal integration of the nanomaterials in the polymeric matrix.



Different authors have carried out studies to obtain hydrophobic paints based on nanotechnology [14,15,16]. Unfortunately, in general, the polymeric matrices surround the integrated hydrophobic nanoparticles, inhibiting their hydrophobic character (Figure 1a). Therefore, improving nanoparticle–polymer and coating–substrate interfacial adhesions may be the key to improving the durability of hydrophobic coatings. The use of a polymer as an anchor binder that acts as a film-forming agent can (i) avoid the inhibition of the hydrophobic functionality of nanoparticles and (ii) ensure the adhesion of nanoparticles to the substrate (Figure 1b).



The scientific community is searching for high-strength polymeric matrices, and, in this context, polysilazanes are attracting attention due to their extraordinary properties [17]. Polysilazanes (PSZs) are a class of special polymers with a structure containing alternating nitrogen and silicon atoms: —(SiR1R2—NR3)n—. These polymers can be converted to ceramics at approximately 1000 °C and have been widely used as precursors for silicon carbonitrides [18,19,20].



In particular, organopolysilazanes (OPSZs) are PSZs that bond to carbon atoms. The high reactivities of the Si-H and N-H groups present in the structures of OPSZs form a very dense silica network, notably improving adherence to different substrates (glass, plastic, metal, etc.) [21]. OPSZs are highly crosslinked, combine good barrier properties and exhibit a high mechanical strength and a strong affinity with metallic substrates. In addition, recently, OPSZs have been developed to rapidly cure at room temperature by interacting with ambient moisture, which has generated considerable interest in simplifying the curing process. These types of polymers are used in various sectors for high-value-added applications, such as electronics. In terms of corrosion resistance, their good barrier properties have been proven [21,22,23].



There are studies in the scientific literature that use this type of polymer for hydrophobicity applications [24,25]. However, research in this field has shown that the hydrophobicity values achieved using organopolysilazanes (in the range between a 90° and 95° water contact angle) are far from those of superhydrophobicity. In most of the studies carried out, the OPSZ is applied pure mainly on aluminum due to its adhesion capacity, which prevails over hydrophobicity [26]. Therefore, there is scarce literature on its use on other substrates with greater application, such as steel [21,27].



The objective of this work is to study the application of OPSZ combined with hydrophobic nanoparticles on steel as a substrate to obtain highly hydrophobic coatings. Once hydrophobicity is achieved, the durability is tested under near-shore marine conditions with high salinity, humidity and UV radiation. This test allows for the evaluation of how the hydrophobic property favors the corrosion resistance of a coating.




2. Materials and Methods


2.1. Materials


A commercially available OPSZ (Durazane 1500 Rapid Cure) was supplied by Merck KGaA (Darmstadt, Germany). This polysilazane is a low-viscosity liquid, with a high crosslink density and rapid moisture curing at room temperature. As hydrophobic nanoparticles, commercial fumed silica powder, surface-treated with polydimethylsiloxane (Aerosil R202, Evonik Industries AG, Essen, Germany), was used. As solvents, butyl acetate (BAC) and acetone were employed.



For the selection of the solvent and the optimization of the NP percentage, glass substrates were used (76 mm × 26 mm × 1 mm). For the degradation evaluation, standard samples of low-carbon steel (F 6702 according to UNE-36086-1) from Espancolor (Barcelona, Spain) were used as substrates (150 mm × 75 mm × 0.8 mm).




2.2. Methods


2.2.1. Nanoparticle Integration


In order to provide the hydrophobic functionality to the coating, different amounts of nanoparticles were mixed with the OPSZ polymer. Firstly, the hydrophobic silica nanoparticles were dispersed in the solvent by using ultrasound for 15 min (Sonopuls HD3200, Bandelin, Berlin, Germany). To this solution, different amounts of OPSZs were added, and the nanoparticles were integrated via mechanical stirring into the polymer in a range between 0% and 50% of the mass of the polymer. The OPSZ worked as a binder to anchor the nanoparticles to the substrate.




2.2.2. Sample Preparation


For the deposition of the coatings on steel substrates, two different techniques were used in order to compare their effects on the final properties of the coating. On the one hand, spray-coating deposition was carried out using a compressed dry air spray gun (Mini Xtreme, Sagola, Vitoria, Spain), operating at a pressure of 2 bars. The spray technique has the advantages of being able to carry out coatings both on a large scale and of irregular parts and at a low price. On the other hand, the dip-coating technique is adequate for the synthesis of thin layers, has the advantage of simplicity and the possibility of adjusting the parameters to obtain more precise coatings. According to our own expertise, the following conditions of the dip coater (ND-DC 11/1, Nadetech Innovations, Noain, Spain) were selected: 100 mm/min for the immersion rate and 30 mm/min for the emersion rate.



A preliminary evaluation of the formulations with different percentages of NPs was carried out by depositing the coatings on glass substrates via dip coating. Then, an optimum formulation was chosen in terms of hydrophobicity and color variation. With this formulation, steel substrates were coated using both the spray- and dip-coating methods (Figure 2).



Prior to the deposition processes, the steel substrates were washed with ethanol to remove the protective grease. The samples were cured at room temperature for 24 h (T = 20–25 °C; relative humidity = 40%–50%).




2.2.3. Water Contact Angle


The water contact angle (WCA) is a parameter that discriminates the hydrophobic properties of a surface. The contact angle is measured as the angle formed by the line of the surface with the line tangent to the intersections of the modified circumference of a drop. To perform this measurement, an experimental device was prepared consisting of a flat horizontal surface, on which the painted specimen was supported, and a camera was supported on a tripod so that the focus was centered at the same height as the surface of the specimen. Pictures were taken of the water droplets on the substrate and analyzed with the mathematical software GeoGebra [28] to obtain the contact angle (Figure 3). The WCA measurements were performed in triplicate, taking the average and standard deviation of such measurements.




2.2.4. Coating Thickness


To measure the coating thickness, a portable electronic Positector 6000 (DeFelkco, Ogdensburg, NY, USA) was used. The measurements made by this equipment are fast and non-destructive since it uses magnetic principles and Foucault’s current to measure the thickness of the paint on ferrous and non-ferrous metals.




2.2.5. Color Variation


A portable spectrocolorimeter (X-Rite, model RM200QC, Grand Rapids, MI, USA) was used to evaluate the color variation of the coating with respect to the substrate. This equipment can measure the opacity and transparency of a coating through color variation (ΔE). ΔE can be determined from the L*a*b color space, also referred to as CIELAB, according to Equation (1):


  Δ E =   Δ  L 2  + Δ  a 2  + Δ  b 2     



(1)




where L refers to lightness, a represents red to green coordinates, and b represents coordinates from blue to yellow.



Therefore, ΔE is the numerical comparison between two color samples and indicates the differences in absolute color coordinates. Likewise, the color variation allows for an evaluation of the coating after the degradation tests. According to the literature, if ΔE < 5, color variations are negligible [29]. Color variation was measured in triplicate, taking the average and standard deviation of such measurements.




2.2.6. Environmental Degradation Tests


The specimens obtained were subjected to different degradation tests in order to evaluate their durability.



The corrosion resistance was evaluated through a salt spray test. This test is generally suitable for testing corrosion protection as a quick analysis of discontinuities, pores and damage in organic and inorganic coatings. The salt spray test consists of spraying a sodium chloride solution (5% NaCl) in a controlled environment inside a salt spray chamber (Dycometal, model SSC400, Barcelona, Spain) where the specimens are located. To carry out this test, the ISO 9227:2017 standard was taken as a reference. Two 24 h cycles were carried out (total time = 48 h) in this work.



The coatings were also exposed to artificial weathering (fluorescent UV lamps and water) with the purpose of simulating the natural aging processes caused by environmental agents, such as sunlight and rain. This test consists of introducing the test pieces into a QUV chamber (Q-Lab, Westlake, OH, USA), where they are exposed to alternating cycles of UV light, condensation and high temperatures, simulating the damage caused by sunlight, rain and dew. This test was carried out, taking the ISO 11507:2007 standard as a reference, during a 120 h cycle with alternate cycles of sprayed water and UV light and an inspection every 24 h.



The resistance of the coatings to environmental degradation was evaluated by measuring the contact angle and color variation before and after the degradation tests (Figure 4).




2.2.7. Electrochemical Impedance Spectroscopy (EIS)


Electrochemical Impedance Spectroscopy (EIS) measurements were performed on the developed samples. EIS is an electrochemical technique usually utilized for evaluating the corrosion behavior of coatings and provides insights into the corrosion reaction of a substrate [30]. An evaluation of the impedance of a coated system as a function of frequency supplies useful information regarding the barrier properties of the coating, the corrosion susceptibility of the substrate and the interfacial layer [31].



EIS tests were performed on an Autolab PGSTAT204N potentiostat, (Metrohm Hispania, Madrid, Spain) with the Nova 2.1 software version for analyses. A three-electrode corrosion cell was used with the coated samples as a working electrode, a platinum wire as a counter electrode, a Ag/AgCl (3.5 M KCl) as a reference electrode and the samples being tested as working electrodes. A 5 wt% sodium chloride solution in deionized water was used as the electrolyte. The coating exposure area for testing was 12.6 cm2, corresponding to a circular area of 4 cm in diameter. The tests were conducted under stagnant conditions at room temperature (20–25 °C) and were performed on two coated replicas per system inside a Faraday cage. For this study, the sweep conditions for running the EIS tests were carried out over a frequency range from 100 kHz to 0.01 Hz with 7 readings per decade of frequency at 20 mVRMS amplitude sinusoidal perturbation with respect to the open-circuit potential.






3. Results and Discussion


3.1. Selection of Solvent


In order to use the minimum amount of nanoparticles necessary to achieve hydrophobicity, it is necessary to first dilute polysilazane in a solvent. The selection of a proper solvent for polymer dissolution is important to guarantee good nanoparticle dispersion and the durability of the coating. According to the technical datasheet, the Durazane 1500 Rapid Cure Resin reacts in the presence of water, steam or alcohols, so it is important to use solvents with the lowest possible water content. Organic solvents, such as alkanes, esters, ethers, aromatics and ketones, are chemically compatible with the resin. After consultation with the polymer manufacturer, two potential solvents were selected based on their availability/price ratio: butyl acetate (BAC) and acetone.



For the evaluation of which of the two solvents works better, different solutions with different percentages of OPSZs were prepared via mechanical stirring using each type of solvent (BAC and acetone).



It was found that, in both cases, the viscosity was lower than that of the original polymer and that there was no problem in spray painting or dip coating. However, color degradation (yellowing) over time was observed in the formulations where acetone was used. Therefore, BAC was selected for the development of the formulations.




3.2. Evaluation of Optimum Percentage of Nanoparticles


Different ratios of OPSZ:NPs (the percentage of NPS varied from 0% to 50%) were used and deposited in glass samples via dip coating (Figure 5). It can be observed that, when the percentage of NPs in the formulation increases, the coating becomes whiter and opaquer.



Then, the WCA and the color variation were measured in these samples and are presented in Figure 6 and Figure 7.



The data presented in Figure 6 clearly illustrate a correlation between the WCA and the NP content. As shown, the maximum WCA is achieved when the NP content is increased up to 25%. Beyond this point, the WCA remains constant. The resulting WCA indicates a highly hydrophobic behavior, very close to the superhydrophobic regime.



The correlation between the WCA and nanoparticle concentration has already been observed by other authors [32,33,34,35]. It could be explained by the Cassie–Baxter model because a suitable and optimal hydrophobic NP integration into resin promotes the formation of a micro- and nano-roughness surface, where air trapping takes place [1,11]. These air pockets significantly increase hydrophobicity.



Regarding the color variation, it increases when the percentage of NPs in the formulation increases. It is obvious that the NPs contribute to the changing color of the polymers, because they act like white pigments.



According to the WCA results, the chosen proportion of OPSZ:NPs is 75:25. With this ratio, hydrophobicity is achieved, while the color variation is maintained as minimum as possible. With higher percentages of NPs, hydrophobicity is not improved, while the coatings become whiter.



Therefore, with a 75:25 proportion of OPSZ:NPs, a bench test of the samples is carried out using the spray- and dip-coating techniques. The main characteristics of the obtained samples are shown in Table 1.



As can be seen in the pictures included in Table 1, the samples obtained via dip coating are more homogeneous than the ones obtained via spraying, and the thickness is much lower. Moreover, the dip-coated samples have less color variation than the sprayed samples. This is directly related to the reduced thickness (5 µm) that is obtained via dip coating. A lower thickness implies less color variation.



It can also be observed that the quality of the sprayed coating is not good and that surface defects appear on the surface. These surface defects are attributed to the deposition method. During the spraying process, a rapid evaporation of the solvent takes place, and, therefore, the nanoparticles are not wet enough when reaching the substrate surface. The Si-N bonds present in the polysilazane structure react with the moisture present in the air without being deposited on the substrate, thus producing cyclotetrasiloxanes [36], which are solid at room temperature.




3.3. Salt Spray Test Results


The salt spray test lasted a total of 48 h, although a visual inspection and measurements of the WCA were also carried out after the first 24 h. The pictures taken during the test are included in Figure 8, while Figure 9 shows the evolution of the WCA.



After 24 h of testing, the three coatings show a greater corrosion resistance than that of bare steel. However, at this time, some pitting is observed in the spray-coated samples with NPs.



At 48 h, in the polymer-based samples (OPSZ:NPs 100:0), salt is deposited on the coatings, although they still resist corrosion. No salt is observed on the coatings that included nanoparticles.



Regarding the samples with the integrated nanoparticles deposited via dip coating, due to their water-repellent character, water deposition is notably reduced in comparison to the control sample. These samples have a greater homogeneity of their finish and, due to this, show a greater resistance to corrosion.



On the contrary, in the sprayed coatings (the OPZS:NPs 75:25 spray coating), it can be seen how pitting corrosion begins to appear due to possible imperfections in the finish produced during the spraying process.



Water penetration could not be directly observed in the experiments, but the corrosion in the 75:25 spray-coated sample may be due to the penetration of water through the discontinuities of the surface finish, causing the pitting corrosion phenomenon to take place [37]. Although the control sample is not hydrophobic and droplets of salty water are deposited on the surface, the surface finish is of a higher quality, thus having a lower degree of water penetration, which prevents corrosive species from reaching the metal surface [38]. The defects in the nanocomposite coating deposited via spraying affect the protective function of the coating, which is favorable for the penetration of corrosive media into the film.



The evolution of the contact angle shows a reduction in hydrophobicity over time. However, the values of the WCA obtained for the two deposition methods, spray coating and dip coating, show very similar values. This confirms the fact that the degradation of the spray-deposited samples is due to the bad surface finish and not due to the loss of hydrophobicity.




3.4. Artificial Weathering Test Results


The coatings were exposed to artificial weathering during a 120 h cycle with alternate cycles of rain and UV light, and an inspection was carried out every 24 h.



During the test, the evolution of the samples over time was evaluated with a visual inspection (every 24 h), pictures of which are shown in Figure 10. During the inspections, the WCA was also measured, and it is presented in Figure 11.



Before analyzing the results, it should be considered that the artificial weathering test is a severe test, where samples are subjected to thermal shock and UV radiation. In general, both degradation mechanisms promote polymer cracking and color change. In this sense, a clear cracking effect is observed in the control sample (OPSZ:NPs 100:0) following the 24 h exposition. As reported in the literature, numerous cracks appear because of volume shrinkage during the curing process of OPSZs. By adding fillers, this phenomenon is reduced [22].



Otherwise, in the integrated nanoparticle samples, the cracking effect is not detected. This could be explained by the UV light absorption capacity of the SiO2 nanoparticles and the formation of strong networks between the nanoparticles and polymeric molecules [39].



Regarding the hydrophobic coatings, surface degradation by corrosion is observed in the spray-coated samples (the OPSZ:NPs 75:25 spray coating). Corrosion behavior similar to that in the salt spray results is observed. The pitting corrosion phenomenon begins to appear early in the control samples and the sprayed coatings with the integrated nanoparticles. However, it is not detected in the dip-coated samples at any time, showing a very good weathering resistance. This corrosion-resistant behavior is very interesting considering the low thickness of the dip-coated samples (5 µm) in comparison to that of the other samples (>29 µm).



Considering the hydrophobic character, it can be observed in Figure 11 that a WCA reduction takes place during the test for both the spray and dip deposition methods, from a highly hydrophobic behavior at t = 0 (~147°) to a hydrophobic behavior (~121°, t = 120 h). This behavior has already been studied by other authors [15].




3.5. EIS Results


The EIS technique was employed to investigate the anticorrosion performance of the coatings. The Bode modulus and Bode phase as well as the Nyquist plots of the coatings analyzed are depicted in Figure 12, Figure 13 and Figure 14, respectively. Significant differences in the impedance values between the samples were indeed observed.



Attending to the Bode modulus plot (Figure 12), the impedance module values, |Z|, can be observed at a low frequency, where the highest value corresponds to the dip-coated sample. That is, the dip-coating formulation OPSZ:NPs 75:25 shows the highest impedance modulus in the low-frequency range (|Z|0.0.1 Hz = 2.2·107 Ω·cm2). However, when using the spray-coating technique, the behavior of the system is worse, giving values of the impedance modulus two orders of magnitude lower (|Z|0.0.1 Hz = 1.1·105 Ω·cm2) than those of the dip-coating technique applied to the samples.



The Bode phase plot (Figure 13) properties diminish over time, which means that all the systems are not in the perfect capacitive area whatsoever. This is in accordance with the Nyquist plot (Figure 14), as the coatings treated with the spray-coating technique show an arc far more resistive than that of the dip-coated samples, which is more capacitive and, thus, more likely to reach values of a higher impedance. Additionally, the surfaces of the samples treated using the spray-coating technique show, at high frequencies, a very poor performance on the protective coating side and a very advanced corrosion process at low frequencies due to the existence of pores. This fact allows for the migration of ions from the electrolyte to gain access throughout the net of pores to the metal beneath with considerable ease. The existence of two different arcs depicted by the Nyquist plot explains this electrochemical behavior very well and fits quite well with the visual inspection carried out after the salt spray test (Figure 8).



In addition, considering that the thickness of the dip-coated samples is much smaller than that of the control sample (5 µm vs. 80 µm), the values of impedance clearly confirm the improvement of the barrier effect promoted by the nanoparticle integration into the polymer.



The EIS analyses are consistent with the results obtained from the salt spray and accelerated weathering tests.





4. Conclusions


The hydrophobic performance of OPSZs combined with SIO2 nanoparticles was investigated. The environmental degradation of the coatings was evaluated by using different tests, namely, salt spray, accelerated weathering and EIS tests, and the main conclusions are as follows:




	
Hydrophobic surfaces were successfully synthesized using a mixture of OPSZs and hydrophobic SiO2 nanoparticles. At an NP percentage of 25%, the water contact angle of the coatings was 147° in the horizontal plane, which can be considered highly hydrophobic, very close to the superhydrophobic regime.



	
Two deposition methods (spray-coating and dip-coating methods) were compared. The results clearly depict a higher level of protection when the dip-coating method was used. The spray-coating method is not appropriate for these types of polymers, causing heterogeneities and defects on the surface finish. The dip-coating method is a facile and low-cost method, and a good surface finish is achieved.



	
The hydrophobic effect favors corrosion resistance, but mainly in a marine environment with atmospheric and splash exposures and not in immersion, where the homogeneity of the coating prevails.



	
The formulation OPSZ:NPs 75:25 deposited using the dip-coating method showed a great corrosion resistance in comparison with that of the other samples, assessed by all the degradation tests. This corrosion-resistant behavior is very interesting considering the low thickness of the dip-coated samples (5 µm) in comparison to that of the other samples (>29 µm).
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Figure 1. Schematic illustration of nanoparticle integration: (a) complete embedment of nanoparticles in the polymer; (b) polymer acting as bonding layer between nanoparticles and substrate. 
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Figure 2. Scheme of the sample preparation process. 
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Figure 3. (a) Water drops rolling off (b) Water contact angle measurement. 
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Figure 4. Environmental degradation tests conducted to evaluate the durability of coatings. 
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Figure 5. Glass samples coated with several ratios of OPSZ/NPs. 
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Figure 6. WCA in a flat surface for different concentrations of NPs. 
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Figure 7. Color variation (ΔE) for different concentrations of NPs (shadowed area corresponds to the standard deviation). 
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Figure 8. Evolution of coatings on steel during salt spray test. 
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Figure 9. Contact angle measurements versus salt spray test time (shadowed area corresponds to the standard deviation). 
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Figure 10. Evolution of coatings on steel during artificial weathering test. 






Figure 10. Evolution of coatings on steel during artificial weathering test.



[image: Coatings 13 00537 g010]







[image: Coatings 13 00537 g011 550] 





Figure 11. Contact angle measurements versus artificial weathering test time (shadowed area corresponds to the standard deviation). 
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Figure 12. Bode modulus. 
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Figure 13. Bode phase. 
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Figure 14. Nyquist plot. 
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Table 1. Main characteristics of the studied coatings.
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	Formulation
	Thickness (µm)
	ΔE
	WCA (°)
	Appearance

(Dimensions 150 × 75 mm)





	OPSZ:NPs

100:0

(control sample obtained via spray coating)
	29 ± 1
	-
	90 ± 2
	[image: Coatings 13 00537 i001]



	OPSZ:NPs

75:25

Spray coating
	63 ± 10
	17 ± 1
	147 ± 1
	[image: Coatings 13 00537 i002]



	OPSZ:NPs

75:25

Dip coating
	5 ± 1
	9 ± 1
	147 ± 1
	[image: Coatings 13 00537 i003]
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