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Chromate conversion coatings have been in service for decades providing robust corrosion protection to a wide variety of aluminum alloys. However, it is also known that anti-corrosive coatings containing Cr6+ contributes to DNA damage, cause cancer and are not environmentally friendly. Consequently, regulatory restrictions over the use Cr6+ were established to mitigate the environmental damage and health problems. To answer to this hurdle and to meet the emergent need for environmentally friendly anti-corrosive coatings, we have successfully developed an innovative coating that combines anti-corrosive, low electrical resistance, and self-healing properties. First, we present two different coatings, that aim to display low electrical resistance properties: one containing only graphene and the other containing Zn nanoparticles and graphene. Confocal laser imaging and SEM microscopy was used to observe the morphology of the coatings. The electrical resistance was measured using the 4-wire connection Kelvin method. We compare the anticorrosive response for both coatings under neutral salt spray test (NSSt). Raman spectroscopy was performed before and after to understand the effect of NSSt corrosive species on the coatings. Then, we select the coating with lower electrical resistance, and we program on it a self-healing mechanism to boost its life service. Finally cyclic voltammetry is performed to confirm the excellent blocking properties of the tested coatings. All the coatings presented in this work are applied on aluminum AA 2024T351 and the optimal spray parameters for nanofillers dispersion are obtained. Our findings show great potential for preventing corrosion and compatibility with fully automated large-scale applications in different fields such as aerospace, automotive, construction, submarines and many more.
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1 INTRODUCTION
All metals are susceptible to corrosion and like other natural hazard, corrosion causes severe and expensive damage (Hamdy Makhlouf, 2014; Hou et al., 2017). Corrosion varies according to several factors. Among the most relevant are the corrodent’s nature which can be wet or dry (Hamdy Makhlouf, 2014), the corrosion mechanism that may occur as a direct chemical or electrochemical reaction (Hamdy Makhlouf, 2014) and finally, the appearance of the corroded metal (Heusler et al., 1989; Hamdy Makhlouf, 2014). Strategies to prevent corrosion are essentially based on the understanding of these factors and the synergy between them (Hamdy Makhlouf, 2014).
One of the most popular strategies to protect aluminum and other metals from corrosion is the use of coatings. Anti-corrosive coatings can be organic, non-metallic inorganic, and metallic (Hamdy Makhlouf, 2014). There are three mechanisms that provide anti-corrosive properties in coatings: acting as a blocking layer, acting as an inhibition layer and acting as a sacrificial layer (Hamdy Makhlouf, 2014). In this work we use an equilibrated combination of these three mechanisms.
Aluminum alloys are widely used for aerospace applications due to its advantageous weight-to-strength ratio (Mondolfo, 2013). Generally, these aluminum alloys are protected against corrosion with metallic coatings such as hexavalent chromium (Cr6+) conversion coatings. The use of coatings based on Cr6+ is common in the aerospace industry since it is extremely thin, usually in the range of nanometers (Katzman et al., 1979), a desirable feature that adds minimal weight to the structure while providing a robust corrosion protection (Kendig and Buchheit, 2003). Moreover, chromate conversion coatings have been in service for decades protecting different metals from corrosive environments (Davis, 1999; Chou et al., 2003; Hamdy Makhlouf, 2014). Nevertheless, it is been proved that coatings containing Cr3+ and Cr6+ contributes to DNA damage, cause cancer and are environmentally unfriendly (O’Brien and Kortenkamp, 1995). In consequence, restrictions and regulatory policies are in place to replace Cr6+ conversion coatings.
In response, different less toxic alternatives to Cr6+ have been investigated, for instance, salts (Nazeer and Madkour, 2018) such as silicate, molibdate, vanadate, permanganates, zirconates, and ceria (Hamdy and Beccaria, 2005; Hamdy, 2006; Hamdy et al., 2011, 2012; Makhlouf and Tiginyanu, 2011) were found to be inexpensive, environmentally safe and provide self-healing properties. These salts are usually applied directly to create a protective oxide layer that passivates the aluminum (Hamdy, 2007, 2008; Hamdy and Farahat, 2010). Once the passivation is done, the anticorrosive organic/inorganic coating is applied on top (Nazeer and Madkour, 2018). Another interesting approach is the use of self-assembled coatings based on the chemisorption of sodium monododecyl phosphate from aqueous solution. This approach showed improvement in the corrosion resistance of treated aluminum alloys exposed to corrosive Cl− atmospheres (Pan et al., 2020; Xia et al., 2020)
In the same way, several materials have been used as matrices for anticorrosion coatings (Metroke et al., 2002; Jang, 2006; Sørensen et al., 2009; Zang et al., 2014). Among those materials, sol-gel organic modified silica (ormosil) coatings present themselves as a good candidate to develop anticorrosive coatings capable to replace Cr6+ coating technology (Metroke et al., 2002; Pagliaro et al., 2009; Smitha et al., 2018). They are interesting not only for its rapid and relatively easy synthesis (Mackenzie and Bescher, 1998; Han et al., 2007) but also because its chemistry allows for UV-polymerization (Han et al., 2007; Gvishi et al., 2012). Indeed, UV-curing anticorrosive coatings are desirable to protect aerospace aluminum parts that cannot be expose to high temperatures to avoid deformation. The downside is that sol-gel coatings are well hydrated at the beginning of its service-life, but their coating properties change drastically as they are exposed to the elements. In consequence there is a loss on its corrosion resistance and adhesion properties (Kendig and Buchheit, 2003).
Moreover, the need for multifunctional coatings capable to display both, corrosion protection and low electrical resistance is relevant for aircraft and spacecraft industries (Larsson, 2002). Indeed coatings with these properties are well suited for electrostatic dissipation (Yadav et al., 2020), electromagnetic shielding (Aal et al., 2008) and lightning strike protection (Kim et al., 2019). To serve as intended, the thickness coatings should be tailored precisely. I.e., thick enough to provide excellent barrier properties and thus excellent anticorrosive response, but not too thick that it will disrupt the conductive path. In other words, having anti-corrosion and low electrical resistance in the same coating is useful and desirable but is a challenging task since several parameters need to be orchestrated and most importantly, these two properties are antagonistic in nature (Shi et al., 2009).
Bringing conductive or low electrical resistance properties to sol-gel anticorrosive and UV-curable coatings has been attempted by dispersing conductive nanofillers within the sol-gel matrices. Unfortunately, it was shown that this incorporation cause a negative effect on the achieved anticorrosive properties since the fillers compromise the mechanical and barrier properties of the coatings creating local defects and provide an electrical path for corrosion to take place (Zhang Q. et al., 2018; Agustín-Sáenz et al., 2020; Tian et al., 2021).
On the other hand, polymer matrices are well known for their stability and anti-corrosive properties (Barsoum and Barsoum, 2002; Kim et al., 2019). Contrary to sol-gel, the addition of different kinds of nanoparticles to polymeric coatings improve the coating’s anti-corrosive response (Shi et al., 2009) and enables new features such as low electric resistance or self-heling properties (Tiwari et al., 2014). These new features expand the range of applications, service-life and brings innovative solutions to this well-developed market.
In this work we use a UV-curable polymeric resin NOA73 from Norland Optics as an anti-corrosive matrix where we disperse graphene as a conductive filler. In fact, UV-curable resins such as thiol-ene based polymers are attractive to replace chromate conversion coatings (Park and Braun, 2010; Wang et al., 2018, 2019) since they offer insulative properties, long term stability, easy implementation and low curing temperatures (Park and Braun, 2010).
The information presented in this manuscript is the result of a joint venture between ÉTS and Arianegroup. As such, there were specific requirements on the thickness, anti-corrosive and electrical properties that directed the development and research approach. In this paper, we present the electrical, anti-corrosive and self-healing response of a maximum 10 µm thick NOA73 coating doped with graphene flakes and zinc (Zn) nanoparticles and 8-hydroxyquinoline (8HQ) as self-healing agent. The goal of this work is to develop a sophisticated low-temperature or UV-curable coating technology as an option to the actual anticorrosive coatings used in the aerospace industry, all this in compliance with the international environmental regulations.
2 MATERIALS AND METHODS
2.1 Aluminum AA 2024T351 Surface Preparation and Characterization
Aluminum samples AA 2024T351 were purchased from HRT Industries Inc. Using a 3D confocal laser microscope, we perform a surface analysis of the samples before and after the mechanical abrasion and 3D reconstruction.
2.1.1 Original Aluminum Samples
The surface of the aluminum AA2024 samples as received presents grooves and imperfections left by the machining procedure (Figure 1).
[image: Figure 1]FIGURE 1 | Aluminum substrate prior surface treatment. (A) Confocal Laser microscope image. Pattern of groves and marks atop the aluminum samples. (B) 3D image and topographic profile of the aluminum samples. (C) Picture of the surface of the AA 2024T351 before abrasion process.
These grooves generate imperfections all over the aluminum surface. The highest defects can be found in the intersections of the machining marks. These can be as high as 28 µm. The surface roughness parameter Ra for the as received aluminum samples is 0.998 µm. Moreover, the surface of the as received AA 2020T351 shows a contact angle with water >56°.
2.1.2 Abraded Samples
To obtain a uniform surface, mechanical abrasion was carried out. First the samples are cleaned with ethanol to remove grease and dust. Then, they are abraded using deionized water and alternating in X and Y direction using a 3M7447 general purpose hand pad. Finally, the abraded aluminum samples are rinsed with deionized water and cleaned with a piece of cloth.
A closer inspection of the abraded aluminum sample reveals a reduction in the height of the defects. In fact, after the mechanical abrasion, the height of the defects was reduced from 28 to 4.47 μm and the contact angle was reduced to <28° (Figure 2). The surface roughness parameter Ra for the abraded aluminum samples is 1.058 µm. The elemental composition of the cleaned AA 2024T351samples was obtained by energy dispersive x-ray analysis (EDAX) and is shown in Table 1.
[image: Figure 2]FIGURE 2 | Aluminum substrate after surface treatment. (A) Confocal Laser microscope image. Top view of the aluminum surface after the mechanical abrasion process. (B) 3D reconstructed image and topographic profile of aluminum surface after mechanical abrasion. (C) Picture of the surface of the AA2024T351 after abrasion process.
TABLE 1 | Compositions of the as received Al 2024 alloy by EDAX analysis.
[image: Table 1]2.2 NOA73 Matrix Characterization
In this work we use NOA73 resin as the host matrix for the coating. NOA73 is a commercial thiol-ene based resin. We choose it mainly for its anticorrosive properties and for its compatibility with the current aircraft and spacecraft industrial requirements such as spray gun deposition, low curing temperature or UV-curing, strong adhesion to metals, low shrinkage and gap filling properties (Park and Braun, 2010). We performed Raman spectroscopy and FTIR analysis of NOA73 to obtain information and identify its composition and curing mechanism (Figure 3).
[image: Figure 3]FIGURE 3 | Spectroscopy analysis of NOA73. (A) FTIR spectra for NOA73 before and after curing process. (B) Cured NOA73 Raman spectra.
As such, we observe that the decrease in intensity of the FTIR band at 2,572 cm−1 (Figure 3A) after UV-curing shows characteristic bond between thiolenes and allyl ethers (Nagarjuna et al., 2018). Based on the obtained Raman spectra of cured NOA73 (Figure 3B) and taking into account the findings reported in the literature (Mongkhontreerat et al., 2013), we can conclude that the main components in NOA73 are triallyltriazinetrione and tris [2-(3-mercaptopropionyloxy)ethyl]isocyanurate in a molar proportion of at least 1:5, using 2,2-dimethoxy-2-phenyl- acetophenone as photoinitiator and triallyl isocyanurate as crosslinking catalyst (Sanoria et al., 2015).
Based on this information, the anticorrosion (Park and Braun, 2010) properties of NOA73 are expected since it is known that sulfur-rich hyperbranched polyols as the tris [2-(3-mercaptopropionyloxy)ethyl]isocyanurate combined with thiol-ene polymers such as triallyltriazinetrione exhibit high transparency, high refraction index and most importantly, high corrosion resistance (Ireni et al., 2016; Resetco et al., 2017).
2.3 Graphene Flakes as Conductive Fillers
In this work we used porous reduced graphene flakes that were procured from KWI polymers (NDC-171107p218) and can be appreciated in Figure 4. Additionally, we use 100 nm Zn powder that was procured from American elements (ZN-M-02M-NP.100N). For all samples, the graphene and zinc powder were utilized as received and their incorporation into the matrix was done using magnetic stirring.
[image: Figure 4]FIGURE 4 | SEM image of the KWI polymers graphene flakes.
As it can be seen on Figure 4, the KWI graphene flakes used in this work present a voluminous corrugated structure. It is also possible to observe that the graphene flakes are semi-transparent.
2.4 Coating Preparation and Implementation
In this work we prepared two different coating formulations. The coating formulation A020 was prepared by mixing NOA73 with 2% w/w of graphene flakes and 5% w/w Zn powder. To dilute this mixture, ethanol (Sigma-Aldrich 493511) is added in the same proportion of NOA73 (1:1 mass ratio). The coating formulation A021 does not contain Zn and was prepared by mixing NOA73 with 2% w/w of graphene flakes. As before, to dilute this mixture, ethanol is added in the same proportion of NOA73 (1:1 mass ratio). It is relevant to mention that going further that 2% w/w of graphene flakes and 5% w/w Zn powder will affect the coating formulation creating a paste that is not suitable for spraying. Conversely, lower graphene concentrations did not yield the desired anticorrosive properties that were required to pass the NSST. In Supplementary Figure S1 in the Supplementary Information S1, we show the picture of a sample loaded with 1% w/w of graphene. In similar trend, less than 5% w/w zinc presence in the formulation affected the conductivity required for this specific application.
These two formulations are magnetically stirred for 5 min, then applied by spray on top of mechanically abraded aluminum samples. Deposition of the coatings is done using a SATA mini jet 4,400 spray gun with a 0.5 mm nozzle at 1.7 bar of spray pressure. We noticed that operating outside of these spraying parameters yields poor dispersion of the conductive fillers and non-uniform coatings. It is important to mention that the high load of nanofillers blocks the UV-light making the curing process longer. That is the reason why the coatings are cured at 150°C for 12 h (Figure 5). Supplementary Table S1 summarizes in more detail the spray parameters and the results obtained for these coatings.
[image: Figure 5]FIGURE 5 | Schematic representation of the fabrication of the doped anti-corrosive coating.
2.5 Self-Healing Mechanism
In this work we use 8-hydroxyquinoline (8HQ) as a self-healing agent that was previously reported for our team (Banerjee et al., 2020). The 8HQ was procured from Sigma Aldrich (CAS 148-24-3). A solution of 12% w/w of 8HQ in ethanol is prepared and stirred for 30 min. This solution is then sprayed atop the abraded aluminum samples and left to dry for 30 min. Finally, the top coating was sprayed and cured.
2.6 Electrical Resistance
The electrical resistance of the coatings is measured according to the standard MIL-DTL-81706B. This standard is commonly used to measure electrical resistance in chromate conversion coatings, and it is widely use in aerospace industry. The measurements were done using a standard electrical resistance system (Figure 6). This system uses a 4-wire connection (Kelvin method) (Kadechkar et al., 2018) (Figures 6A, B) to avoid measurement uncertainty that arises with two-wire connection systems.
[image: Figure 6]FIGURE 6 | Electrical resistance measurement system. (A) Schematic representation of 4-wire connection. (B) Image of 4-wire connection on copper electrodes. (C) Hydraulic system used for applying 200 pounds. (D) Complete measuring system following MIL-DTL-81706B.
In this method the lead (Rlead) resistance and contact (Rcontact) resistance (Figure 6A) are comparable to the very low resistances of the coating (RT). As shown in the picture (Figure 6B), the aluminum coated sample is placed between the two cylindrical copper electrodes of 0.5-inch diameter. A force of 200 PSI is applied using hydraulic system (Figure 6C) and the electrical resistance is measured cross-sectionally using a Keithley 2,400 (Figure 6D).
2.7 Cyclic Voltammetry
Cyclic voltammetry measurements are performed to analyze the electrochemical nature of the coating matrices. Before the measurements, pristine aluminium sample, and samples with different coating matrices (A020, A021 and A0208L) are immersed in to 5% NaCl solution for an entire day. Princeton applied research multi potentiostat instrument is used to do the cyclic voltammetry measurements with a fixed scan rate of 10 mV/s for three cycles. Silver/silver chloride, platinized grid and 5% NaCl solution are used as reference electrode, counter electrode, and electrolyte solution respectively.
3 RESULTS AND DISCUSSION
3.1 Morphological Characterization of the Coatings
To characterize the morphology of the coatings, we performed laser confocal microscope imaging, laser profilometry and SEM microscopy. The laser confocal image shows the compact and uniform surface of the A020 and A021 coatings (Figures 7A, D respectively). The SEM microscope image shows that A020 coating (Figure 7B) present a rough and crack-free surface. The SEM image for the A021 (Figure 7E) coating shows a smooth and crack free surface. The surface roughness for both coatings is different and can be appreciated in Figures 7C, F. The surface roughness parameter Ra for the A020 coating is 3.157 µm and the surface roughness parameter Ra for the A021 is 1.744 µm (Supplementary Figures S2, 3). This difference arises from the combination of Zn nanoparticles and graphene flakes present in the A020 coating. It is important to remember that the A021 coating contains only graphene. The average thickness for both coatings is 9 µm.
[image: Figure 7]FIGURE 7 | Morphology of A020 and A021 coatings. (A) Confocal Laser microscope image of the A020 coating. (B) SEM image of the uniform and crack-free A020 coating. (C) Confocal Laser microscope 3D image reconstruction of the A020 coating. (D) Confocal Laser microscope image of the A021 coating (E) SEM image of the uniform and crack-free A021 coating. (F) Confocal Laser microscope 3D image reconstruction of the A021 coating.
These results confirm the compact nature of the coatings, which impacts positively on its anticorrosive properties (Hamdy Makhlouf, 2014). In the same way, the observed excellent nanofillers dispersion on both coatings is desirable since it impacts positively on the anticorrosive and low electrical resistance properties (Kim et al., 2019).
3.2 Adhesion Characterization (ISO 2409)
Adhesion test was done using a paint adhesion test (PAT) kit from Gardco (item number: PA-2000). To test the adhesion of the coating, we performed a cross-cut test following the ISO2409 standard. It is found that the A020 and A021 coatings adhesion properties are excellent. According to the standard, both coatings are class 0 since the edges of the cuts are completely smooth and all the squares of the grid are attached to the aluminum substrate. The SEM image of the samples after the crosscut test is shown in figure (Figure 8).
[image: Figure 8]FIGURE 8 | Adhesion test. SEM image of the cross-cut test for the (A) A020 coating and (B) A021 coating.
3.3 Electrical Resistance Characterization
The electrical resistance value obtained for the A020 coating that contains graphene and Zn ranged between 1.1 and 1.88 Ω. On the other hand, the A021 coating prepared with graphene only, displayed a resistance value around 5kΩ. The low electrical resistance values found for the A020 coating confirm that the combination of graphene and Zn enables a conductive path through all the coating. Comparing the results between samples A020 and A021, they suggest that Zn nanoparticles are responsible for bridging the graphene flakes. Thus, the electrical resistance of the A020 coating is lower.(Ramezanzadeh et al., 2017; Tian et al., 2021) (Figure 9).
[image: Figure 9]FIGURE 9 | Schematic representation of Zn nanoparticles (100 nm) bridging graphene flakes, enabling a conductive path.
As it was mentioned before, electrostatic dissipation performance arises from low electrical resistance properties. We believe that future studies for the A020 coatings should focus on testing applications in this field.
3.4 Corrosion Resistance Characterization
To evaluate the anti-corrosive properties of the A020 and A021 coatings we perform neutral salt spray test (NSSt) during 168 h at 5% saline fog. Figure 10 shows the behavior of coatings under NSSt. It is possible to observe that after 168 h both coatings maintain its integrity with no blisters or signs of corrosion.
[image: Figure 10]FIGURE 10 | Evolution of A020 and A021 coatings under NSSt. (A) Picture of A020 pristine coating. (B) Picture A020 coating after 168 h under NSSt. (C) Picture of A021 pristine coating. (D) Picture A021 coating after 168 h under NSSt.
Coatings containing zinc provide anticorrosive protection by two different mechanisms: one of them is behaving as anodes to provide cathodic protection to the metal substrate. This cathodic protection is possible thanks to the electron conduction path created for the graphene flakes between the Zn nanoparticles and the metallic substrate (Zhou et al., 2019). Moreover, graphene not only provides the necessary electronic channel for the anodic protection to take place, but also obstructs the diffusion path of the corrosive substances (Ding et al., 2018). In consequence the service life of the coating is extended. The second mechanism occurs when the insoluble corrosion products generated during the reaction of Zn nanoparticles seal the defects in the coating acting as an additional physical barrier against corrosive substances (Shirehjini et al., 2016).
As it was expected, for the A020 the Zn nanoparticles act as a sacrificial anodic material that retards the corrosion by oxidizing itself (Zhang, 1996) alleviating the galvanic corrosion. This Zn oxidation process yields the characteristic ZnO(Tian et al., 2021) white precipitate (Farbod and Jafarpoor, 2014) that can be observed over the coating (Figure 10B). The A021 coating does not contain Zn and thus does not present the ZnO precipitate (Figure 10D).
Additional to the visual inspection, we perform Raman analysis of the coating before and after the NSSt. To this end, when the NSSt is done, the samples are rinsed with deionized water to expose the coating. The Raman spectra of the coatings can be appreciated in Figure 11.
[image: Figure 11]FIGURE 11 | Raman spectra of the A020 and A021 coatings before and after the NSSt.
It is interesting to observe that the graphene Raman band around 1,350 cm−1 known as the D peak (Cançado et al., 2011; Yang et al., 2017) and the band around 1,580 cm−1 known as the G peak (Cançado et al., 2011; Yang et al., 2017) show a change of their ID/IG ratio. The ID/IG ratio band represents the defects in the structure of carbon materials (Tian et al., 2021). The ID/IG ratio for the A020 and A021 coatings was calculated based on the intensity of these Raman bands (Cançado et al., 2011).
For the A020 coating, the pristine coating ID/IG ratio is 0.92 while the ID/IG ratio after the NSSt is 0.71. This 0.21 reduction relates to the graphene sp2 domains that oxidize during the NSSt (Stankovich et al., 2007; Sheka et al., 2020; Tian et al., 2021). The same phenomenon was observed for the A021 coating where the pristine ID/IG ratio is 0.6 and the ID/IG ratio after the NSSt is 0.46. The 2D peak (Yang et al., 2017) around 2,684 cm−1 is typically present in porous graphene, as is the case for the graphene used in this study for both coatings.
3.4.1 Self-Healing Capability
To further improve the anticorrosive properties, we decide to program a self-healing response on the A020 coating. To do so, we include a layer of 8HQ on top of the abraded aluminum to act as corrosion inhibitor (Andreeva et al., 2008). This self-healing mechanism is triggered when the coating experience mechanical damage such an scratch (Banerjee et al., 2020), then this inhibitor is released and passivates the exposed aluminum by creating and insoluble chelant known as Al(HQ)3 that prevents corrosion (Stankiewicz et al., 2013; Zhang F. et al., 2018; Banerjee et al., 2020). This formulation is identified as A0208L.
The anti-corrosive properties for the A0208L coating were also tested under NSSt. It is important to note that the coating is scratched in the middle to evaluate the 8HQ self-healing response (Figure 12).
[image: Figure 12]FIGURE 12 | Evolution of A0208L under NSSt. (A) Picture of A0208L coating. (B) Picture of A0208L coating after 168 h under NSSt. (C) Confocal Laser microscope image of the A0208L scratched area. (D) Picture of A0208L rinsed coating after 168 h under NSSt.
After 168 h of NSSt the characteristic white ZnO precipitate has formed over the A0208L coating (Figure 12B), and once again, the coating maintains its integrity with no blisters or signs of corrosion. Moreover, after rinsing the sample with deionized water to wash away the ZnO precipitate, we observe that the coating is in excellent condition and there are no signs of corrosion around the scratched area or underneath of the coating (Figures 12C, D). As expected, 8HQ act as corrosion inhibitor and provides self-healing capabilities under NSSt conditions (Xhanari and Finšgar, 2019; Banerjee et al., 2020).
3.4.2 Corrosion resistance by cyclic voltammetry
The lower current density values for the different coating matrices as compared to the pristine sample suggests superior anticorrosion properties from the coatings as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Cyclic voltammetry measurements for pristine aluminium and with different coating matrices.
The excellent barrier properties of the A020, A021 and A0208L coatings are expected due to the insulative nature of thiol-ene based polymers (Park and Braun, 2010; Wang et al., 2018, 2019) and the anticorrosion mechanism conferred by graphene (S. Aneja et al., 2015). The graphene’s impermeable nature and high surface area provides an excellent barrier to water, oxygen and other corrosive compounds (S. Aneja et al., 2015). Moreover, in polymer-based coatings (A020, A021 and A0208L); graphene prevents metal/interface anodic corrosion (Böhm, 2014) by providing an alternative electrical path for the electrons, so they can’t reach a cathodic site and complete the corrosion reaction (Dennis et al., 2015). As expected, dispersing graphene within an insulating (Park and Braun, 2010) resin such as NOA73 helps to prevent the galvanic coupling between the graphene flakes and the aluminum (Alhumade et al., 2016). Furthermore, the addition of anodic materials such as zinc, helps alleviate the galvanic corrosion phenomenon (Cui et al., 2017). Finally, the 8HQ layer provides the desired self-healing response without compromising the low electrical resistance and anticorrosive properties.
The excellent integrity of the coatings after the 168 h of NSSt can be explained based on the behavior of graphene-resin composite coatings that display improved mechanical properties, more durability and scratch-resistance (Dennis et al., 2013). Coatings with well-dispersed graphene flakes ensure low electrical resistivity and low overall permeability to gas or liquid (Böhm, 2014).
4 CONCLUSION
In summary, a coating technology with low electrical resistance, anticorrosive properties and self-healing capabilities was demonstrated. First, a FTIR and Raman analysis were used to obtain information about the nature of NOA73 and its selection as a host matrix for the conductive fillers (graphene flakes and Zn nanopowders). The clever combination of the anticorrosive properties of graphene with NOA73 provides excellent anticorrosive response as expected. The addition of Zn nanoparticles helps to enable a low electrical resistance path while performing as well as a sacrificial material. The coatings presented in this work are applied using spray gun and tested under the current industrial standards. It is found that formulation A020 containing graphene and Zn nanoparticles as conductive fillers, performs as an excellent anti-corrosion and low electrical resistance coating. Its anti-corrosive properties are tested during 168 h under natural salt spray test. They presented ZnO deposition and no signs of corrosion. The A020 coating’s low electrical resistance is explained thanks to the inclusion on Zn nanoparticles that bridge the graphene flakes enabling a conductive path. Similarly, formulation A021 containing graphene only, provide excellent anticorrosive properties but high electrical resistance. The programed self-healing response was successfully tested during NSSt. It showed no signs of corrosion after 168 h and help to boots the service life of the coatings. Cyclic voltammetry was used to confirm the excellent barrier properties of the A020, A021 and A0208L coatings confirming the excellent blocking properties of the tested coatings.
We believe this smart coating technology is compatible with aerospace applications but can have a significant impact in other areas such as automotive, construction, submarines etc. However, spray coating implementation at specific parameters is crucial to achieve an excellent anticorrosive and mechanical properties along with low electrical resistance.
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