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This study focuses on the design, development, and validation of two coating systems for corrosion protection of hot dip galvanized steel substrates. The coatings consist of epoxy-based resin reinforced with core-shell microcapsules, either cerium oxide or cuprous oxide core and a polymeric shell doped with cerium ions. The effect of the modification of the epoxy resin with a liquid rubber polymer has also been studied. Corrosion studies via electrochemical impedance spectroscopy (EIS) revealed that the coatings have enhanced barrier properties. Moreover, EIS studies on coatings with artificial scribes, demonstrated an autonomous response to damage and a self-healing effect. Heat-induced material re-flow has also been observed after exposure to temperature higher than the Tg of the system, which offered an additional self-healing mechanism, partially inhibiting the underlying corrosion processes when the liquid rubber is present in the system.
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INTRODUCTION

Corrosion phenomena on metallic structures result eventually in the degradation of the metal and the deterioration of its properties. Failure of a metallic operating structure compromises the safety, which is a critical consideration during an equipment design. The degradation of engineering structures such as bridges, automobiles, airplanes, and ships due to their exposure in corrosive environments may contribute to life-threatening situations. Moreover, direct and indirect economic losses are linked to corrosion phenomena such as maintenance or replacement costs, expenses related to industry temporary shutdown, efficiency, and product losses. According to the literature, about 25–30% of this total could be avoided if currently available corrosion technology was effectively applied (Uhlig, 2008).

Eventually, all coatings develop defects which are responsible for the direct access of corrosive agents to the metallic substrate. Chromate-based conversion coatings are the most popular all over the world as a pretreatment strategy for a variety of substrates because they offer re-passivation of the corroded area, so hexavalent chromium remains the most effective corrosion preventive compound to date (Gharbi et al., 2018) which is still used in advanced applications (e.g., aerospace). Unfortunately, chromates are long known as environmentally unfriendly and life-threatening compounds due to their leachability and superior oxidation properties, which render them responsible for DNA damage and cancer (Levina et al., 2006; OSHA3373-10, 2009). The most widely used alternative corrosion prevention measure, is the application of organic coatings with less toxic organic and inorganic additives that are able to provide a dense barrier against corrosive species (Kartsonakis et al., 2013; Figueira et al., 2014; Upadhyay and Battocchi, 2016; Lyon et al., 2017). The recent research activity in the corrosion protection field is focused on the development of new coatings incorporating self-healing characteristics being able to extend the service-life of the coating. The main desired achievement in self-healing coatings is the restoration of their protective performance with minimal or no external intervention (Zhang et al., 2018). According to the same recent review article, self-healing coatings can be categorized in two broad categories, autonomous and non-autonomous coating systems, depending on the mechanism of the onset of healing action (triggered or not). The most common self-healing mechanisms reported in literature are based on (i) polymerizable healants (Zhu et al., 2015; Balaskas et al., 2017), (ii) encapsulated corrosion inhibitors, (iii) reversible bonds, and (iv) reversible chain conformation (Abdolah Zadeh et al., 2016; Samiee et al., 2019), Thus, protective coatings can be characterized by damage-responsive functionalities which result in defect healing/sealing action and/or active corrosion protection by inhibiting corrosion reactions (Kakaroglou et al., 2016; Snihirova et al., 2016; Ulaeto et al., 2017).

Thus, along with the barrier properties, a corrosion protection mechanism responsive to damage has become a promising strategy in order to deliver a coating system with long-term corrosion protection effect. A more sophisticated system dictates, ideally, the occurrence of multiple self-healing events in an autonomous way based on the intrinsic characteristics of the coating system (Yin et al., 2015; Das et al., 2016). The incorporation of actively responsive sub-micron materials in a corrosion protective system can be considered as a favorable pathway to ensure the recovery of its main function, namely, hindering of the corrosion activity.

However, thermoset epoxy-based networks, which are one of the most widely used in coating applications, have many undesirable features, i.e., they have poor resistance to impact and crack growth, which limits their application to certain technological areas. The fracture energy of an epoxy resin is two and three orders of magnitude smaller than thermoplastic polymers and metals. This suggests the need to strengthen these systems in order to expand their applications (Comstock et al., 1989; Figueira et al., 2014).

Hence, the modification of epoxy resins to enhance their brittleness has received considerable research interest. Many research efforts have been reported since 1970, where the first resin modifications with secondary elastomeric phases was initiated by McGarry (1970) and then extensive research has been focused on the investigation and understanding of the toughening mechanism of rubber-toughened epoxies (Yee and Pearson, 1986; Vázquez et al., 1987; Garg and Mai, 1988; Yamanaka et al., 1989; Verchere et al., 1990; Iijima et al., 1991; Williams et al., 1997; Ratna, 2001; Ratna and Banthia, 2004; Bagheri et al., 2009; Unnikrishnan and Thachil, 2012; Parameswaranpillai et al., 2017).

In addition, another limitation arises from the direct addition of inorganic capsules in self-healing epoxy coatings which is their limited compatibility of the inert inorganic surface with the organic coating. The coating's protective performance and adhesion properties are severely affected due to particle agglomeration and defect formation at the interface of these incompatible materials, which are also a function of the concentration and size of the containers and the coating's thickness, as reported by recent research and review articles (Kartsonakis et al., 2010; Borisova et al., 2013; Zhang et al., 2018). A way through these phenomena is the surface modification and decoration of the inorganic surfaces which gives endless options and possibilities to manufacture an engineered microstructure with the desired functional characteristics and limit compatibility issues in epoxy coatings (Skorb et al., 2009; Kainourgios et al., 2017; Kongparakul et al., 2017; Li et al., 2017).

The motivation for this work is to develop a new multifunctional smart coating system, with self-healing characteristics which contribute to its protective anticorrosion properties. Thus, the main aim of this study is to evaluate the self-healing responsiveness and corresponding barrier properties of two developed advanced coating systems. Both samples consist of a hybrid organic-inorganic epoxy coating toughened by the addition of an organically modified silicate. Core-shell modified cerium oxide (CeO2) and cuprous oxide (Cu2O) microcapsules were incorporated into the epoxy-based matrices. In addition, in one of the studied systems, the incorporation of a liquid rubber modifier in free form was selected to investigate its influence on the electrochemical response of the obtained coating. The hybrid organic-inorganic coatings were applied onto hot dip galvanized (HDG) steel panels.

The core-shell microcapsules were characterized with respect to their morphology and chemical composition through transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), gel permeation chromatography (GPC), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The protective and self-healing ability of intact and scribed coatings as well as their responsiveness and their ability to restore their anticorrosion properties after thermal treatment were evaluated through electrochemical impedance spectroscopy (EIS) while immersed in selected corrosive electrolytes.

MATERIALS AND METHODS

Acetonitrile (Acros Organics), toluene (Acros Organics), acetone (Acros Organics), absolute ethanol (Acros Organics), methanol (MeOH, Acros Organics), absolute ethanol (Sigma Aldrich), N,N-dimethylformamide (DMF, Sigma Aldrich), copper acetate (Sigma Aldrich), hydrazine hydrate (N2H4, 50–60%, Sigma Aldrich), cerium acetyl acetonate [Ce(acac)3, Sigma Aldrich], potassium peroxodisulfate (KPS, Sigma Aldrich), α-bromoisobutyryl bromide (BIBB, Sigma Aldrich), (3-aminopropyl)triethoxy silane (APTES, Sigma Aldrich), triethylamine (Sigma Aldrich), copper (II) bromide [Cu(II)Br, Sigma Aldrich], cerium nitrate [Ce(NO3)3, Sigma Aldrich], ammonium cerium(IV) nitrate [Ce(NH4)2(NO3)6), Sigma Aldrich], trifluoroacetic acid (CF3COOH, Merck, >99%), dichloromethane (Sigma Aldrich, 99.8%), 2,2′-Bipyridyl (bpy, Sigma Aldrich), diethylenetriamine (Sigma Aldrich), ascorbic acid (Sigma Aldrich), epoxy resin based on phenol 4,4'-(1-methylethylidene) bis- (Ciba-Geigy), sodium hydroxide (Sigma Aldrich), and sodium chloride (Sigma Aldrich) were used as received. The monomers methacrylic acid (MAA) and n-butyl acrylate (nBA) and tert-butyl acrylate (tBA) were double distilled under reduced pressure prior to use.

Synthesis of Cu2O and CeO2 Cores

The synthesis of Cu2O cores was performed by a simple one-pot wet chemical route using copper acetate as the precursor and hydrazine as the reducing agent. The experiment was conducted at room temperature by adding hydrazine hydrate (0.03 mol) in a copper acetate solution (0.042 M). The reaction was left to proceed under vigorous stirring for 10 min, while the solution's color changed from blue to green and finally to bright orange. The products were left to precipitate, the supernatant solution was discarded and the sediments were repeatedly washed though multiple centrifugations. The Cu2O cores were left to dry in a vacuum designator.

For the production of CeO2 cores a two-step process was followed as reported elsewhere (Kartsonakis et al., 2008, 2010). Briefly, negatively charged polymethacrylic acid (PMAA) nanospheres were synthesized through radical polymerization in acetonitrile using KPS as initiator and then utilized as templates for the formation of an inorganic surface layer composed of cerianite (CeO2) using Ce(acac)3 as precursor (PMAA@CeO2). Hollow CeO2 cores were formed through the dispersion of the PMAA@CeO2 composites in EtOH/ H2O mixture (2:1) which resulted in the controlled and selective dissolution of PMAA cores. The final inorganic hollow cores were isolated through multiple centrifugations and were washed with water and ethanol.

Synthesis of Core-Shell Microcapsules

Inorganic-organic core-shell microcapsules were synthesized through surface-initiated activators regenerated by electron transfer atom transfer radical polymerization (ARGET-ATRP) process. The inorganic core materials, CeO2 or Cu2O, were selected due to their inherent corrosion protective and antifouling characteristics, respectively. A diblock copolymer, poly(n-butyl acrylate-b-acrylic acid) [P(BA-b-AA)], was synthesized on the surface of cerium oxide, CeO2@P(BA-b-AA), or cuprous oxide microcapsules, Cu2O@P(BA-b-AA). The addition of a second PAA-based polymer block was decided in order to obtain a carboxyl-terminated block copolymer and enhance the reaction between carboxyl and oxirane groups of the epoxy matrix.

The synthesis of the diblock copolymer onto the surface of either CeO2 or Cu2O was performed according to the following procedure (schematic representation in Supplementary Figure S1): firstly, an α-bromoester initiator was tethered on the inorganic cores' surface by self-assembly of APTES followed by amidization with BIBB. The APTES-functionalization ensures the covalent bonding of the initiator molecules with the inorganic surface. Then, surface initiated ARGET ATRP was carried out from the above-mentioned initiator-modified particles.

Either CeO2 or Cu2O cores were dispersed in absolute ethanol using ultra sonication in a three-neck flask equipped with a condenser and a magnetic stirrer. After heating to 70°C, APTES was added under N2 atmosphere and the dispersion was left for 24 h under stirring. The APTES-modified inorganic cores were centrifuged, washed with ethanol and redispersed in DMF. Then BIBB was added drop-wise in the flask using triethylamine as the catalyst and left in an ice bath for 1 h under stirring in N2 atmosphere and then at room temperature for 24 h. The macroinitiators (initiator-functionalized inorganic particles) were isolated and rinsed through centrifugation. A septum-sealed Schenk flask was used during surface initiated ARGET-ATRP. For each experiment, CeO2 or Cu2O cores were dispersed in toluene followed by the complete dissolution of the Cu(II)Br/bpy complex and the addition of the deoxygenated monomer. The nBA was used as monomer and ascorbic acid served as reducing agent for initiating the polymerization process. Then, t-BA was added to the above mixture resulting in a diblock polymer shell comprising of PnBA and PtBA. The AA block resulted from an acidolysis reaction, as reported elsewhere (Colombani et al., 2007). Detailed experimental conditions for the aforementioned synthetic procedure are given in Table 1. The final inorganic-organic core-shell microcapsules, CeO2@P(BA-b-AA) or Cu2O@P(BA-b-AA), were isolated and purified though multiple centrifugations and washings with MeOH and remained in dispersed state for further modification. The cerium-doped microcapsules were then developed by adding dropwise a 0.5% w/v cerium ammonium nitrate solution (in MeOH) to the above dispersion. The final composites were isolated again by centrifugation. Additionally, ARGET-ATRP was performed in order poly(n-butyl acrylate; PBA) to be synthesized using KPS (0.5 g), nBA (10.0 ml), and toluene (50.0 ml) as solvent at 60°C for 12 h.


Table 1. The conditions used in the preparation of core/ shell microcapsules.
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Coating Synthesis and Application

The HDG steel substrates pre-treatment prior to coating application included degreasing and cleaning using acetone and NaOH solution at pH 11 for 5 min at 50°C, thoroughly washing with distilled water and their storage in a vacuum designator. Two coating systems were prepared; named Epoxy-PBA-CSmc and Epoxy-CSmc (Figure 1). The matrix of each of the two-layered coating system was based on the combination of a cross-linked epoxy polymer with organically modified silicates as described in detail in our previous work (Kartsonakis et al., 2012). The conditions used in the preparation of the epoxy solution are tabulated in Table 2. The synthesized core-shell microcapsules were incorporated as reinforcing additives in both epoxy-based hybrid coatings in a concentration of 4 wt.% and were applied with a baker film applicator onto the metallic substrates. The liquid rubber (PBA) was mixed with the epoxy-based solution prior to deposition for the preparation of the second coating system (Epoxy-PBA-CSmc). Finally, the as-prepared coated substrates (in triplicates for each system) were left in a furnace at 90°C for 4 days and deposited in a vacuum designator until use.


[image: image]

FIGURE 1. Schematic representation of the produced two-layer coating systems.




Table 2. The conditions used in the preparation of the epoxy solution.
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Characterization Methods

Transmission electron microscope (TEM; JEM2000 FX, 200 KV, resolution 0.28 nm) and Fourier Transform Infrared Spectroscopy (FT-IR) were utilized for the chemical composition determination of the hybrid composites through Attenuated Total Reflectance (ATR) method with Agilent Cary 630 spectrometer.

The thermal degradation of the synthesized microcapsule materials was analyzed via thermogravimetric analysis (TGA) using a thermal analyzer apparatus (STA 449 F5 Jupiter). The samples were measured under constant nitrogen flow (50 ml/min) plus nitrogen flow as protective gas (20 ml/min) from 25 to 1,000°C at a heating rate of 10°C/min. Prior to the non-isothermal experiments the instrument was calibrated both for temperature and sensitivity. The exported data were manipulated through Proteus 6.1 Software. The polymer content was determined from the total of weight loss the microcapsules. The total organic content was then used to calculate the grafting density (σTGA) based on the core diameter established by TEM, utilizing the Equation (1) (Benoit et al., 2012):
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where the weight percentages of the shell and core materials were obtained by TGA for the temperature range 300–500°C.

The crystal structure was identified by powder X-ray diffraction (XRD) using X Bruker D8 Advance Twin Twin, employing Cu-Kα radiation (λ = 1.5418 Å). The thickness of the final coating system was measured with a coating thickness test instrument through the magnetic induction method (ACUTECH LTD, DUALSCOPE MP0R) and through SEM at the coatings' cross-section. In addition, Differential Scanning Calorimetry (DSC) testing was conducted on selected coating sample using Perkin Elmer Pyris 6 DSC apparatus calibrated with indium for temperature and heat capacity. Measurements were carried out in high purity nitrogen atmosphere on samples of ~8 mg in mass closed in standard aluminum Perkin Elmer pans. Measurement was performed on fresh sample that was heated from 20°C up to 250°C with a heating rate of 20°C/min, stayed there isothermally for 2 min, cooled down to −110°C at 30°C/min and, finally, heated from −110°C to 350°C at 5°C/min.

The microstructure, thickness and qualitative elemental analysis of the coatings were studied by Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDS) using a PHILIPS Quanta Inspect (FEI Company) microscope with 149 W (tungsten) filament 25 KV equipped with EDAX GENESIS (AMETEX PROCESS & 150 ANALYTICAL INSTRUMENTS). Electrochemical Impedance Spectroscopy (EIS) measurements were conducted to assess the anti-corrosive properties of coatings and to verify its corrosion mechanism. A potentiostat/galvanostat connected to a Frequency Response Analyzer (VersaStat 3/FRA, PAR AMETEK) was used with an electrochemical cell of three electrodes (K0235 Flat Cell Kit, AMETEK), consisting of a working electrode (~1 cm2 exposed sample surface), a saturated silver/ silver chloride electrode [Ag/ AgCl, KCl (sat)] as a reference electrode and a platinum mesh electrode as the counting electrode for the measurements. The measurement frequency ranged from 100 kHz to 0.01 Hz and the sinusoidal perturbation applied was 10 mV. The spectra were analyzed through ZView® software (Scribner Associates) using the appropriate equivalent electrochemical circuit each time. The study of the anti-corrosion properties of the intact coating systems on galvanized steel samples included exposure to corrosive artificial ocean water prepared in accordance with ASTM D1141-98. The chemical composition of the solution is shown in Supplementary Table T1. As stated in the standard, the chlorinity is 19.38 and the pH of the solution (after correction with 0.1N NaOH) is 8.2. Thus, all the measurements were conducted in triplicate in a pH range from 8.2 to 9.

A second set of EIS measurements was performed on artificially scribed coated samples exposed to 5 mM NaCl solution in order to understand the mechanism of corrosion and its inhibition. For the in-depth study of the coatings and the investigation of their potential use as self-healing coating systems, artificial scribes of 1–2 mm length were created so that the metal substrate remains exposed to the electrolyte. This was confirmed for each sample by SEM analysis and the corresponding line elemental EDS analysis of the HDG metal substrate elements, Fe and Zn (Supplementary Figure S2). The exposed area of 1 cm2 was carefully selected in a way that the scribe is located in its center. The interpretation of the EIS results was performed by numerical fitting using equivalent electric circuit models (Zheludkevich et al., 2005; Kartsonakis et al., 2016). Constant phase elements (CPE) were used to account for the electrode heterogeneity Generally, as reported in literature the CPE is related with a distribution of the capacitance over a surface or its changes with frequency which are associated with electrode heterogeneity (Montemor et al., 2008; Plawecka et al., 2014). Therefore, in the equivalent circuits worked with in our study, CPE were used instead of pure capacitors. This modification is obligatory when the phase shift of a capacitor is different from −90° (Hsu and Mansfeld, 2001). The impedance of an R-CPE parallel association is given by:
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where Y0 is the admittance of the CPE and n is the CPE exponent. The n equals to 1 when it corresponds to a capacitor, it takes the values 0.5 < n < 1 when a non-ideal capacitor behavior takes place, n equals to 0.5 when the CPE describes a diffusion process and represents a Warburg impedance, and finally, n equals to 0 when it represents a resistor (Orazem and Tribollet, 2008; Zhu et al., 2016).

Using the Cole-Cole approach together with CPE (Cole and Cole, 1942; Barsoukov and Macdonald, 2018), the capacitance can be calculated by numerical fitting through the Equation (3):
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In addition, the investigation of a thermally-induced self-healing mechanism was conducted. Both the two-layer coating systems were subjected to the formation of a defect in a way that the underlying metal is exposed. Microscopic observation was then performed through SEM along with elemental mapping. The anticorrosion protection performance of each scribed coating was evaluated through EIS immediately after SEM analysis through the exposure to 5 mM NaCl solution. The samples were dried and were thermally treated at 90°C for 30 min and their corrosion behavior via EIS was again measured once. The low frequency impedance values were compared before and after heat treatment in order to evaluate the recovery of the barrier properties, the main function of the coatings studied.

RESULTS AND DISCUSSION

Figures 2, 3 depict the TEM images of the CeO2@P(BA-b-AA) and Cu2O@P(BA-b-AA) core-shell microcapsules, respectively. Regarding Figure 2a, it may be remarked that the CeO2@P(BA-b-AA) sample consists of spherical hybrid microcapsules with a core-shell configuration with average diameter size 600 ± 150 nm. The shell is amorphous (dark contrast ring) and its average thickness is 30 ± 10 nm, while the core is nanocrystalline (lighter contrast) comprising of randomly oriented nanocrystals with a diameter range of 2–3 nm (Figure 2b), as illustrated by high-resolution TEM (HRTEM). According to HRTEM image that depicts the atomic structure of the core nanocrystals, the 3.12 Å interplanar spacing of the {111} crystal planes of CeO2 is clearly resolved. The crystal structure of the nanocrystalline core was explored by selected area electron diffraction (SAED) patterns (Figure 2c) and powder-XRD (Supplementary Figure S3). It can be seen that the diffuse ring pattern is characteristic of a nanocrystalline material. The {111}, {220}, and {311} reflections of CeO2 are clearly determined. Taking into consideration Supplementary Figure S3, it was estimated that the core material is Cerianite (CeO2) (PDF card #34-0394) crystallized in the face centered cubic structure and characterized by a lattice constant of 5.41 Å. The morphological and structural characteristics of the CeO2@P(BA-b-AA) core-shell microcapsules are tabulated in Supplementary Table T2.


[image: image]

FIGURE 2. (a) TEM micrographs illustrating the core-shell morphology of the CeO2@P(BA-b-AA) microcapsules, (b) HRTEM images showing the atomic structure of the core nanocrystals; the 3.12 Å interplanar spacing of the {111} crystal planes of CeO2 is clearly resolved, (c) corresponding SAED from the core region. The diffuse ring pattern is characteristic of a nanocrystalline material. The {111}, {220}, and {311} reflections of CeO2 are clearly determined.
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FIGURE 3. (a) TEM micrographs illustrating the core-shell morphology of the Cu2O@P(BA-b-AA) microcapsules, (b) HRTEM image of the atomic structure of the core nanocrystalline phase; the 2.14 Å interplanar spacing of the crystal planes of Cu2O is clearly resolved, (c) the diffuse rings of the corresponding SAED pattern are characteristic of a nanocrystalline material. The {111}, {200}, {220}, and {311} reflections of Cu2O are clearly determined.



According to Figure 3a, spherical shapes of Cu2O@P(BA-b-AA) microcapsules are observed with a core-shell configuration and average diameter of 670 ± 100 nm. The double shell is amorphous (dark contrast ring) and its average thickness is 70 ± 15 nm. The core comprises of the Cu2O structure (lighter contrast) and exhibits a nanocrystalline phase with nanocrystals having a diameter range of 3–10 nm (Figures 3b,c), as illustrated by HRTEM and the corresponding SAED pattern. According to the HRTEM image of the atomic structure of the core nanocrystalline phase, the 2.14 Å interplanar spacing of the crystal planes of Cu2O is clearly resolved. Moreover, considering the diffuse rings of the corresponding SAED pattern it could be mentioned that they are characteristic of a nanocrystalline material. The {111}, {220}, and {311} reflections of Cu2O are clearly determined. The core crystal structure is cubic with a lattice parameter equal to 4.27 Å. Supplementary Figure S4 illustrates the Cu2O core powder-XRD where the {111}, {220}, and {311} diffraction peaks are clearly demonstrated. The morphological and structural characteristics of the Cu2O@P(BA-b-AA) core-shell microcapsules are tabulated in Supplementary Table T3.

The successful synthesis of the polymer shell was confirmed through FT-IR analysis which revealed the characteristic adsorption peaks of poly(n-butyl acrylate; Figure 4). More specifically, in the region 3,000–2,800 cm−1 the C-H stretching vibrations arise and are more evident in the case of CeO2@P(BA-b-AA) sample. The peaks at 2,970 and 2,875 cm−1 are attributed to the asymmetric and symmetric stretching vibrations of the methyl group of PBA, respectively. A third intermediate peak at 2,930 cm−1 can be ascribed to the asymmetric C-H vibration of the methylene groups. These peaks are enhanced according to the increment in the polymer's crystallinity.
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FIGURE 4. FT-IR diagrams of the CeO2@P(BA-b-AA) and Cu2O@P(BA-b-AA) core-shell microcapsules.



The broad adsorption peak at about 1,658 cm−1 refers to the stretching vibration of the carbonyl group (C = O) of PAA. The methylene bending mode vibration occurs at 1,460 cm−1 (main polymer chain), 1,438 cm−1, 1,395 cm−1 (n-butyl groups) and the CH2 scissoring vibration at 1,454 cm−1 (polyacrylic acid). The two peaks at 1,373 and 1,320 cm−1 correspond to the symmetric methyl bending mode and the C-H bending mode of the tertiary C-H groups, respectively.

The C-O stretching mode shows two strong bands in the region 1,300–1,000 cm−1 in esters. In our case, the first adsorption band appears at 1,200 cm−1 and the second one at 1,147 cm−1. These bands are mainly attributed to asymmetrical and symmetrical C-O-C stretching modes of the n-butyl ester groups, respectively. Moreover, the doublet near 930 cm−1 is ascribed to the vibration corresponding to the n-butyl groups of the polymer and the skeletal stretching mode of the polymer main chain. The sharp band at 806 cm−1 also corresponds to the n-butyl groups. Finally, the double peaks at 767 and 726 cm−1 is due to the methylene rocking vibration mode (Kawasaki et al., 1961; Moharram et al., 2002; Moharram and Khafagi, 2007).

The thermal behavior of the synthesized polymer shell was investigated through TGA in N2 atmosphere as illustrated in Figure 5. Taking into account the TGA diagram of the Cu2O@P(BA-b-AA) microcapsules, it maybe remarked that in the temperature range between 30 and 170°C the diagram demonstrates a weight loss due to the evaporation of adsorbed water and the dehydroxylation process. Above this range, two parallel phenomena take place; the thermal decomposition of the PBA shell and the oxidation of the cuprous oxide core. A mass reduction is observed equal to ~8%. On the other hand, a weight gain is observed over 600°C. The gain in weight did not exceed 7% of the initial mass, as seen from the TGA curve. This indicates that it is not stoichiometric with the amount of copper present in the material. The most possible reaction is the oxidation of the cuprous oxide core to the thermodynamically more stable cupric oxide form (Sierra-Ávila et al., 2015), which overcomes the weight loss due to the polymer shell decomposition between 250 and 500°C (Li et al., 2006, 2015) due to the presence of gaseous contaminants within the N2 gass as well as residual humidity in the material.
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FIGURE 5. TGA diagrams of the CeO2@P(BA-b-AA) and Cu2O@P(BA-b-AA) core-shell microcapsules.



With respect to the CeO2@P(BA-b-AA) microcapsules (Figure 5) the sharp weight loss of 22% at 500°C is assigned to the polymeric shell decomposition. Over this temperature the thermal decomposition of other acetylacetonate-based metal complexes [Me(acac)z] suggest intermediate compound burning [Ce(C5H7O2)2(CH3COO), Ce(C5H7O2)(CH3COO)2, Ce(OH)(CH3COO)3, CeO(CH3COO), and CeOCO3] prior to CeO2 crystallization at 800°C, as reported in literature. A slight weight gain (0.5%) can be ascribed to the oxidation of Ce3+ to Ce4+ (Yao et al., 2003; Tania et al., 2008). Additionally, from equation (1) a grafting density of 1.5 chains/nm2 was calculated. The surface morphology of the produced coating systems was also evaluated. The surface top-viewed SEM images (Supplementary Figures S5a,b) reveal no defects or cracks can be spotted on the corrosion protective coating systems, Epoxy-PBA-CSmc and Epoxy-CSmc, respectively. In Supplementary Figures S6a,b the topographic maps of the average coating thicknesses of the Epoxy-PBA-CSmc and Epoxy-CSmc, respectively, corrosion protective coating systems measured through induction method reveal an increment corresponding on the bottom side of the samples; an observation commonly presented when a baker film applicator is utilized. For consistency reasons, all the electrochemical characterizations were conducted on the middle zone of the coated HDG substrates. The cross-section SEM image of Epoxy-PBA-CSmc (Supplementary Figure S7a) illustrates the coating thickness measurements which were found equal to 44 ± 3 μm, and 90 ± 3 μm for the two layers, respectively. Moreover, the cross-section SEM image of Epoxy-CSmc is depicted in Supplementary Figure S7b where it can be seen that the thickness of the two layers is 30 ± 3 μm and 114 ± 3 μm, respectively.

Electrochemical Studies

EIS is used as a powerful tool to investigate the barrier properties of the coating systems developed in the current study and to assess the impact of the addition of a liquid rubber polymer either as a container surface modified or as an additive incorporated in free form in the epoxy matrix. As it has been well-documented previously in literature, the magnitude of impedance modulus at low frequency (|Z|0.01 Hz) can be used to assess the overall anti-corrosive behavior of an organic coating system, while the charge transfer resistance (Rct) indicates the resistance to a flow of charge, electronic or ionic, which is inversely proportional to the corrosion rate underneath the coating and its enhancement is associated with self-healing effects (Zhang et al., 2004; Zheludkevich, 2009; Borisova et al., 2013; Meng et al., 2015; Njoku et al., 2017; Ubaid et al., 2019).

Figure 6 illustrates the Bode diagrams of (a) the impedance plot vs. frequency and (b) the phase angle diagram vs. the frequency resulting from the exposure of intact coatings to artificial sea water (ASTM D 1141-98) over a period of 223 days. It is observed that in all spectra, both intact coatings are characterized by the presence of a capacitive response during their exposure to the highly corrosive environment for a period of 223 days. The intact coatings reveal a time constant that is at the high frequencies, characteristic of the increased anticorrosive protection they provide to the substrate. In particular, the capacitive behavior of the coatings is shown at high frequencies. The phase angle of the system is between −80° and −90° in the measured frequency range for all immersion time, revealing that the coatings behave as a capacitor. This behavior implies that the coatings are characterized by good barrier properties and behave as an insulator by isolating the metal surface from the corrosive environment (Cabral et al., 2006; Trabelsi et al., 2006; Foyet et al., 2013; Qiao et al., 2015).
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FIGURE 6. EIS Bode diagrams of intact Epoxy-PBA-CSmc and Epoxy-CSmc coatings after exposure to artificial sea water (ASTM D 1141-98): (A) impedance modulus versus frequency and (B) phase angle versus frequency.



Supplementary Figures S8, S9 show the evolution of impedance spectra of the two artificially scribed coatings after exposure to 5 mM NaCl solution. The impedance spectra evolution of scribed Epoxy-PBA-CSmc after exposure to 5 mM NaCl solution are illustrated in Supplementary Figure S8a. The coating showed stable impedance values for 1 to 4 h of immersion to the corrosive electrolyte, equal to 470 kΩ cm2. After 96 h of immersion, the impedance value |Z|0.01 Hz increased to 670 kΩ cm2. The scribed Epoxy-PBA-CSmc reveals three time constants from the beginning of immersion (Supplementary Figure S8b). The one in the high frequency range can be attributed to the coating due to the fact that the exposed area includes the scribe together with a part of the coating, a second small one in the middle frequency range can be ascribed to the response of processes occurring at the coating/ substrate interface and a third time constant in the low frequency range due to the corrosion process at the metallic surface. EIS Bode plots of scribed Epoxy-CSmc are depicted in Supplementary Figure S9a. The coating presents a progressively increase of the magnitude of impedance modulus at low frequency (|Z|0.01 Hz) from 56 kΩ cm2 at 7 h to 130 kΩ cm2 after 96 h of exposure to the electrolyte. The Epoxy-CSmc reveals three time constants for all time intervals till 96 h of immersion (Supplementary Figure S9a). The overall impedance values revealed that the presence of the liquid rubber addition in free form (Epoxy-PBA-CSmc) improves the charge transfer resistance of the epoxy-based coating system including microcapsules with cerium-ions resulting in higher impedance values after defect formation.

The EIS results of the artificially scribed Epoxy-PBA-CSmc and Epoxy-CSmc coatings were fitted using the equivalent electric circuit of Figure 7C. The equivalent electric circuit of Figure 7C includes seven elements and corresponds to an EIS spectrum comprising of three time constants. In particular, it consists of the resistance of the solution (Rsol), the pore resistance and the CPE of the coating (Rcoat − CPEcoat) in parallel connection that are attributed to the response of the electrolyte inside the pores of the coating, the interface resistance and the interface CPE (Rint − CPEint) that are assigned to the response of the presence of electrolyte at the oxide layer and finally, the charge transfer resistance and the double—layer CPE (Rct − CPEdl) that are due to the presence of corrosion active pits at the oxide-metallic substrate interface.
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FIGURE 7. Equivalent circuits used for numerical simulation of the EIS data for the Epoxy-PBA-CSmc and Epoxy-CSmc coatings: (A) equivalent circuit with 3 elements, (B) equivalent circuit with 5 elements, and (C) equivalent circuit with 7 elements.



Taking into account the aforementioned Equation (3), the Ccoat, Cint, Cdl parameters were calculated. Figures 8, 9 illustrate the evolution of Ccoat, Cint, Cdl, Rcoat, Rint, Rct as a function of time in 5 mM NaCl for both the artificially scribed Epoxy-PBA-CSmc and Epoxy-CSmc coatings, respectively (Supplementary Table T4).
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FIGURE 8. The evolution of the EIS fitting parameters as a function of time of artificially scribed Epoxy-PBA-CSmc: (A) Rcoat, Ccoat; (B) Rint, Cint; (C) Rct, Cdl.
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FIGURE 9. The evolution of the EIS fitting parameters as a function of time of artificially scribed Epoxy-CSmc: (A) Rcoat, Ccoat; (B) Rint, Cint; (C) Rct, Cdl.



The fitting results for the scribed Epoxy-PBA-CSmc reveal relatively small fluctuations on Rcoat and Ccoat. which indicate a stable performance of the coating during immersion in the corrosive environment (Figure 8A). In detail, the pore resistance of the coating increases till the 4 h of exposure, while it suffers from a sudden drop at the 5 and 6 h, with a corresponding increment in the coating capacitance values (Ccoat). After 7 h and till the fourth day of exposure (96 h) the pore resistance shows a continuous enhancement, while the corresponding capacitance is decreased. The values for the pore resistance and capacitance reflect the evolution of the barrier properties of the system and the decreasing number of conductive ways from the electrolyte to the substrate (Montemor et al., 2008; Plawecka et al., 2014). The Rct values present a progressive increment after 8 h of immersion (Figure 8C), while at the same time interval the interlayer resistance (Rint) is also increased, indicating the formation of a stable protective oxide layer (Figure 8B). The overall recovery of Rct value increased 144% from the first till the 96th hour of immersion, from 341.53 to 834.7 kΩ cm2, respectively (Ubaid et al., 2019).

The pore resistance (Rcoat) for the scribed Epoxy-CSmc continuously decreases as the immersion time elapses and the corresponding capacitance values (Ccoat) continue to increase, indicating the progressive damage of the coating due to successive electrolyte ingress (Figure 9A). The smallest Rct value is observed at the 5 h after which an improvement follows till the 96 h of exposure (Figure 9C). The recovery of the charge transfer resistance from the smallest value observed is equal to 1,465% (Ubaid et al., 2019; increased from 14.8 to 231.71 kΩ cm2).

Concluding, in both studied systems, the charge transfer resistance is decreased after the contact with the corrosive environment, yet the values are recovered to some point due to the beneficial effect of cerium-based additives.

In general, the literature agrees that rare earths behave as cathodic corrosion inhibitors for many metal alloys when added to a corrosive electrolyte (de Damborenea et al., 2014; Hughes et al., 2014; O'Keefe et al., 2014; Yasakau et al., 2014). In particular, the process of inhibiting corrosion through the lanthanide salts for various materials is a consequence of the inhibition of cathodic regions by the precipitation of an oxide/ hydroxide film. This was first mentioned by Hinton in 1984 and shortly afterwards in his own bibliographic review in 1992 (Hinton, 1992).

Iron and zinc undergo severe localized dissolution at a number of anodic sites forming hydroxides of limited solubility according to the following equations (Pourbaix and de Zoubov, 1966):
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Trivalent ions of rare earths in an aqueous environment undergo gradual hydrolysis and form complexed hydroxylated ions, as shown in Equation (7), and for Ce in Equation (8).
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The exact chemical composition of these compounds depends on the type of the lanthanide cation added to the medium and the specific anion of the solution. This complex precipitates and results in the formation of a hydroxide layer as the pH of the solution locally increases at the cathodic areas, where the main reaction is the reduction of oxygen (Equations 9, 10).
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Which of these two reaction pathways predominates, depends on the composition of the metal substrate and the presence, or absence, of any surface oxide film (Bockris and Khan, 1993).

The rare earth hydroxides formed are stable in alkaline solutions and dissolve under acidic conditions. The critical pH values at which the hydroxides precipitate is a function of the concentration of the trivalent ion (Ce3+), which cannot be assumed or calculated in our case (de Damborenea et al., 2014).

Additionally, as shown in related works, in the case of zinc, the gradual dissolution occurring in the early stages of immersion is altered due to the adsorption of cerium ions. According to Aramaki and Arenas and de Damborenea cerium will react with the hydroxylated surface of the metal, thus impeding adsorption of the chlorides. Then, a complex is formed on the metallic surface such as [Zn]OCe(III)OH2 acting as a precursor to form the corrosion inhibiting layer. In addition, the precipitation of Ce(OH)3 in the cathodic regions is favored due to the lower solubility compared to zinc hydroxide (1.6 × 10−20 and 7.28 × 10−17; Aramaki, 2001; Arenas and de Damborenea, 2006).

A conflicting issue in literature is related with the oxidative state of the cerium ions found in the film. In detail, some claim that both oxygen and hydrogen peroxide (as produced by Equation 9) can act as oxidizing agents producing Ce4+ and CeO2, as shown by the following reactions (Equations 7–10)
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Although in the present study no local pH measurement techniques and electrode potential measurements were utilized, according to literature (Böhm et al., 2000), a pH equal to 8.7 is needed in order Ce3+ to be oxidized to Ce4+ (giving [image: image]) for air-equilibrated water at ambient pressure (pO2 = 0.2 atm), but no direct oxidation of Ce(OH)3 to CeO2 is possible in any pH value. In any case, the pH values needed for the formation of Ce4+ by oxidation caused by hydrogen peroxide, are above 10, which is unlikely under our experimental conditions (pH ranging from 6 to 9). In addition, according to Hinton and Wilson (Hinton and Wilson, 1989), it is unlikely that all Ce3+ will be oxidized because H2O2 is only formed as an intermediate product of the oxygen reduction reaction.

In other related works, it is said that hydrogen peroxide presence contributes to the oxidation of Ce3+ to Ce4+, promoting the formation of oxides and hydroxides from both species, under prolonged time exposure conditions (Thierry et al., 1991; Aramaki, 2002a,b). Given the above, it is assumed that the first step in the deposition of a Ce-rich film under our particular experimental conditions is the precipitation of Ce(OH)3 which may subsequently react with CO2 from the air to form carbonates. The formation of a stable Ce-rich film is confirmed by elemental mapping EDS results on the blocked scribe area with precipitated products after the exposure to the corrosive electrolyte (Figure 10).
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FIGURE 10. (A) SEM and (B) elemental mapping EDS analysis of the formatted stable Ce-rich film on the blocked scribe area with precipitated products after the exposure to the corrosive electrolyte.



It is also reported in literature that the reaction between amine and epoxy groups is catalyzed by increased pH producing a new protective film (Kartsonakis et al., 2012). Another parameter positively affecting the protective performance of the studied systems after scratch formation is the incorporation of the polymer-modified microcapsules which promote the compatibility with the epoxy resin matrix and enhance the consistency of the coating matrix due to the reaction of hydroxyl groups of the PAA block of the polymer shell with the epoxide rings of the epoxy resin (Soares and Livi, 2017).

Effect of Thermally-Induced Defect Closure on Barrier Properties

In the current study, a low Tg liquid rubber elastomer was used in order to add a second self-healing mechanism into the coatings. The polymer which was incorporated either as a surface modification of the microcapsules or as a polymer in free form is expected to modify the Tg of the system. The main aim is to induce self-healing of an artificial scribe upon heating the film above its Tg, where the polymeric chains have enhanced mobility. In this way, the deformation can be cured, possibly affecting positively and restoring the corrosion protection performance of the under-study film. Thus, the term “self-healing” is related with the recovery of the anti-corrosion protection of a coating system after being damaged due to a non-autonomous self-healing mechanism triggered by temperature. Theoretically, if the ratio between the defect size and the coating thickness is smaller than one, the aforementioned recovery may be complete and repeatable (D'Hollander et al., 2009; Jorcin et al., 2010; Luo and Mather, 2013).

Figures 11, 12 illustrate the morphology of the scribed coatings before and after thermal treatment at 90°C for 30 min, along with the line elemental EDS analysis of the main chemical elements of the metallic substrate (Fe, Zn) and the coating (C).
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FIGURE 11. SEM surface images and line elemental analysis of the scribed Epoxy-PBA-CSmc coatings (a) before and (b) after thermal treatment at 90°C for 30 min along with the line elemental EDS analysis of the main chemical elements of the metallic substrate (Fe, Zn) and the coating.
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FIGURE 12. SEM surface images and line elemental analysis of the scribed Epoxy-CSmc coatings (a) before and (b) after thermal treatment at 90°C for 30 min along with the line elemental EDS analysis of the main chemical elements of the metallic substrate (Fe, Zn) and the coating.



The separated crack surfaces are in spatial proximity after heating for samples Epoxy-PBA-CSmc and Epoxy-CSmc. The transition from a glassy to a fluid state is based on the onset of molecular motion within the polymer chains. In the region of Tg, and above, the polymer softens and the modulus of elasticity decreases by 3 orders of magnitude and the polymer switches to an elastic state (Souza and Reis, 2013). The potential crack re-bonding cannot be easily visualized due to crack closure. Thus, EIS is again used to assess the functional self-healing, which in the current study is the partial restoration of the barrier properties. Supplementary Figure S10 represents the EIS Bode results of the scribed Epoxy-PBA-CSmc and Epoxy-CSmc coatings after their exposure for 1 h into 5 mM NaCl, before and after heat-induced healing. The results were also numerically fitted to quantitatively assess the coatings protective performance after heat treatment (Table 3). One relaxation time is observed for both coatings before their exposure to temperature that is described by the equivalent circuit of Figure 7A. The Rsol refers to the electrolyte resistance, CPEdl refers to the CPE of the double layer and Rct is the charge transfer resistance. Both CPEdl and Rct are associated to the corrosion process. On the other hand, two time constants are evident for both coatings after their thermal treatment. In the equivalent circuit (Figure 7B) the pore resistance Rcoat is combined with a CPE element (CPEcoat) to account for the response of the electrolyte inside the pores of the coating and the Rct is associated with the double layer CPE (CPEdl). It should be mentioned that the presence of two time constants indicates that there is no sufficient re-bonding of the two separated surfaces of the artificial defect and an imperfect self-healing action. Additionally, the corrosion process underneath the scratched films has already initiated during immersion in the electrolyte, which explain the presence of two time constants. The corresponding EIS Nyquist plots (Supplementary Figure S11) confirm the aforementioned results. The increment of the charge transfer resistance from 2.04 to 102.9 kΩ cm2 suggests a recovery of 4.944% for Epoxy-PBA-CSmc (Table 3). Thus, the polarization resistance or the corrosion reactions at the HDG surface is partially suppressed. Moreover, the fitting results for Epoxy-CSmc reveal that the charge transfer resistance is also increased from 4.77 to 234.1 kΩ cm2, clearly denoting a recovery of 4.807% (Table 3). The results for Epoxy-CSmc further confirm the observation through SEM that there is also a material reflow in the defect's area where the metallic substrate was exposed, indicating re-bonding between the HDG steel and the liquid rubber polymer.


Table 3. Fitting parameters according to equivalent circuits of Figures 7A,B of the scribed Epoxy-PBA-CSmc and Epoxy-CSmc coatings after their exposure for 1 h into 5 mM NaCl, before and after heat-induced healing.
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To conclude, the EIS measurements showed that the liquid rubber addition either in free form (Epoxy-PBA-CSmc) or in the presence of the core-shell microcapsules, improved the charge transfer resistance of the coating systems, indicating a partial inhibition of the corrosion process on HDG substrate, after thermal exposure above its Tg. This is also supported by the DSC measurements conducted on Epoxy-PBA-CSmc coating (Supplementary Figure S12), which revealed a reduction of the Tg of the system (Tg = 79°C) due to the elastomer addition, in comparison to the theoretical Tg values of its main epoxy-based component (122°C for bisphenol A diglycidyl ether—diethylenetriamine cured; Bryan Ellis, 2000).

CONCLUSION

Two advanced coating systems have been presented in this work incorporating a type of core-shell cerium-based microcapsules which were compared with an epoxy-based coating including cerium microcapsules. The main aim was to investigate the influence of a liquid rubber polymer addition either as a surface-modifier or as an additive in free form on the anti-corrosion protection offered and their potentially heat-triggered material re-flow/self-healing ability.

The first autonomous self-healing mechanism refers to the well-known and studied anti-corrosion effect of cerium-based containers that contribute to the formation of stable chelating complexes on the surface of galvanized steel. On the other hand, their polymer-based surface modification enhanced the interaction of the microcapsules' surface with the epoxy matrix and the overall EIS response upon defect formation.

With the addition of a liquid rubber polymer in free form it is possible to incorporate a second, non-autonomous mechanism which was studied and presented in this work based on activation by increasing the temperature to values higher than the Tg of the coating system. In this case, except from the material re-flow ability of the system also shown in the coating incorporating the core-shell microcapsules, the protection performance of the coating is increased, offering a partial suppression of the underlying corrosion process.

Future plans of the current work include localized impedance spectroscopy measurements for the assessment of the local electrochemical corrosion reaction under the artificially scribed coating, along with complementary antifouling performance evaluation.
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