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Abstract

:

The application of organic coatings is the most cost-effective and common method for metallic equipment toward corrosion, whose anti-corrosion property needs to be improved and evaluated in a short time. To rapidly and rationally assess the anti-corrosion property of organic coatings in the ocean splash zone, a new accelerated test was proposed. In the study, the corrosion protection property of the coating samples was measured by an improved AC-DC-AC test in a simulated seawater of 3.5 wt.% NaCl solution, a simulated ocean splash zone test and a new accelerated test combining the above two tests. The results showed that the corrosion rate of the coating samples was high in the improved AC-DC-AC test, which lost its anti-corrosion property after 24 cycles equal to 96 h. The main rapid failure reason was that the time of the water and corrosive media arriving at the carbon steel substrate under the alternating cathodic and anodic polarization with symmetrical positive and negative electric charges was shortened. The entire impedance of the coating samples was improved by about 1.6 times more than that in the initial early time in the simulated ocean splash zone test, which was caused by the damage effect from the salt spraying, drying, humidifying, salt immersion, high temperature and UVA irradiation being weaker than the enhancement effect from the post-curing process by the UVA irradiation. In the new accelerated test, the samples lost their corrosion resistance after 12 cycles equal to 288 h with the fastest failure rate. On account of the coupling process of the salt spraying, drying, humidifying, salt immersion, high temperature combined with the cathodic and anodic polarization and the UVA irradiation, the penetration and transmission rate of water and corrosive media in the coating were further accelerated, the corrosion rate on the carbon steel substrate was reinforced even larger and the destruction of the top polymer molecules was more serious. The new accelerated test showed the strongest damage-acceleration effect than that in the other two tests.
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1. Introduction


The global economic loss from corrosion is huge for metallic structures in harsh ocean environments. To prevent the damage by prolonging the service life of numerous metal equipment, the application of organic coatings is the most cost-effective and widespread way [1,2,3,4,5]. It is crucial to evaluate the corrosion resistance of the organic coating systems under the actual exposure environment. However, the test process for a heavy-duty coating is normally very time consuming and costly. It is imperative to exploit accelerated tests to rapidly assess the degradation behavior and anti-corrosion property of such coating systems [6].



Currently, the majority of accelerated tests are used indoor to simulate the service environments, such as the single neutral salt-spray (ASTM B117 [7]) [8], the Prohesion test [9,10], the QUV (ASTM G154 [11]) test [12] and the Prohesion combined with QUV (ASTM D5894 [13]) test [14,15]. Although these aforementioned standard tests have the capability to replicate certain authentic environmental factors, like salt and light radiation, they are still relatively too simple to really simulate some complex service environments. Therefore, it is essential to establish a multi-factor coupling-accelerated test to research the failure behavior of coating systems in harsh ocean environments [16].



For the splash zone [17,18,19] of the worst ocean environment, the environmental factors should at least include salt, ultraviolet (UV) radiation [20,21], heating and wet–dry cycling. In the previous literature, it is common to simulate the environment by alternating wet and dry [22,23,24] or soaking [25,26], which failed to include the above major environmental factors. Hence, it is indispensable to design a new corrosion-accelerated test that includes the above environmental factors. Up to now, the cyclic corrosion test contains salt spray, humidity and dry cycles with different cycle durations, temperatures and humidity levels [27,28,29] which should be absorbed in the new corrosion-accelerated test.



However, another problem is that the designed multi-factor coupling simulation test may not guarantee a fast failure rate for the coatings, apart from the lack of quantitative electrochemical corrosion information, although it may better simulate the actual environment. Therefore, it is still necessary to further find a more rapid acceleration method for the failure of the coatings.



Nowadays, Electrochemical Impedance Spectroscopy (EIS) is widely applied to monitor the mutations of protective performance of coatings in aggressive solutions, as a kind of sensitive, non-destructive, fast and in situ technique [30,31]. That would be a great technique to combine EIS with accelerated failure techniques for invigilating the mutations that occur in the coating/metallic substrate systems [32,33,34], which was first proposed by Hollaender and co-workers [35,36]. The method, called AC-DC-AC, includes three procedures in each cycle: firstly, an EIS measurement (AC) is carried out to monitor the original corrosion resistance of organic coating systems; then, a cathodic polarization (DC) is applied to accelerate the rate of hydrogen evolution and alkalization at the interface between the coating and metallic substrate; after, the coating system is relaxed until it attains a new state of equilibrium; then, another EIS measurement is conducted to assess the damage condition of the organic coating system in the back of the DC polarization. The method has also been successfully employed to efficiently assess the corrosion resistance of liquid coatings [37,38] powder paints [39], cataphoretic coatings [40], UV paints [41] and anodic thin films [42]. Nowadays, the technique has advanced to an accelerated cyclic electrochemical technique, named ACET corresponding to UNE-EN ISO 17463:2014 [43].



In order to be more reasonable in accelerating the organic coatings as in the natural environments, some modified AC-DC-AC techniques have been put forward [44,45,46,47,48]. Especially, in our group’s last research [48], the corrosion damage of the epoxy coating samples could be rationally accelerated by the modified AC-DC-AC technique to mimic that in the natural immersion environment. The technique was applied to one cycle in a 24 h period, whose DC step contained cathodic and anodic polarization with symmetrical positive and negative electric charges during the anodic and cathodic half-cycles, respectively. This will also be a good inspiration for solving the problem that the acceleration efficiency is not high enough.



In this article, three different corrosion-accelerated tests were implemented to assess the anti-corrosion property and study the corrosion behavior of epoxy coating systems. The first test was an improved AC-DC-AC corrosion-acceleration mean, the second simulated the ocean splash zone test and the third test was a combination of the first and second tests. It is expected that the combination test can more rapidly and rationally evaluate the anti-corrosion property of epoxy organic coatings in the ocean splash zone, and gain a deeper understanding of the interplay between the electrochemical polarization and the multi-factor environmental simulation towards the deterioration of a epoxy coating system.




2. Experimental


2.1. Materials


The epoxy coating, consisting of glycidyl ester epoxy resin and fatty amine hardener, was purchased from Shanghai Tengyi Industrial Co., LTD. (Shanghai, China). The substrate carbon steel panels were procured from Dongguan Shanghai special steel Co., LTD with the shape of 25 mm × 25 mm × 2 mm. Its chemical compositions were 0.44% C, 0.62% Mn, 0.015% P, 0.22% Si, 0.009% S, 0.01% Cr, 0.028% Al and balance Fe (weight fraction). Before the epoxy coating application, the hardener was added to the resin for full mixing with the weight ratio of 1:4 for hardener and resin. And then, the mixture was spun onto the carbon steel surface after polishing it with 800 mesh sandpaper. The glue machine named EZ4 was purchased from Jiangsu Leibo Scientific Instrument Co. LTD. (Wuxi, China). After that, the samples were placed in a dust-free environment at room temperature and cured for 2 h, and then were placed in an oven for 12 h of curing at 90 °C. The average thickness of the dry samples (see Figure 1a) was about 12 ± 0.5 µm, which was estimated with an elcometer (Fisher, Waltham, MA, USA, MPO).




2.2. EIS Test


A three-electrode cell (see Figure 1b) was used to perform the EIS tests, which contained the reference electrode of an Ag/AgCl (3.5 M KCl, R0303), the counter electrode of a platinum foil (15 mm × 15 mm × 0.2 mm) and the working electrode of the sample. The exposed area in 3.5 wt.% NaCl solution of the sample was about 1.0 cm2. The distance between the sample and the Ag/AgCl was 10 mm, the same as the Ag/AgCl and the platinum foil. All the EIS tests were placed in a metallic cage for avoiding external electromagnetic interference.



The EIS tests were conducted using a Gamry Interface potentiostat (1010E) coupled with a frequency response analyzer, while maintaining an open circuit potential (OCP). The frequency range employed in the EIS tests spanned from 105 Hz to 10−2 Hz, and the sinusoidal voltage was 10 mV (rms). The corrosion protection performance of the coating system is directly correlated with its resistance. Numerous studies have employed the total impedance at the lowest frequency to gauge the extent of destruction in coating systems. When this total impedance falls below the threshold value of 1.0 × 107 Ω·cm2, it signifies a loss in protective efficacy for the coating system [49,50,51]. All the impedance analysis was executed as the standard of ISO/TR 16208-2014 [52].




2.3. Three Accelerated Tests


The samples researched in this article were placed into three accelerated tests with cyclic mode. Details of the measurement condition and process of each test are summarized as follows:




	(1)

	
An improved AC-DC-AC test including alternant cathodic and anodic polarization with symmetrical positive and negative electric charges, called EPolarization+Immersion. This test contained four parts. (a) The samples were immersed in the 3.5 wt% NaCl solution with the first OCP step for time t1. (b) Then, an AC EIS test was put into effect for time t2. (c) Then a cathodic DC (polarization) with −0.05 mC under −4 V was applied by using the Chronocoulometry method, and then an anodic DC (polarization) with 0.05 mC under 4 V was applied equally. Among these, the −4 V used in the cathodic DC (polarization) was derived from the accelerated cyclic electrochemical technique, named ACET corresponding to UNE-EN ISO 17463:2022 [53]; as a comparison goal, 4 V was also applied. The time of this step was t3. (d) Then, the sample was measured with the second OCP step for time t4. The total time (t1 + t2 + t3 + t4) of one cycle in this test was 4 h.




	(2)

	
An alternating salt spray (containing wet, dry and humid), immersion and UV irradiation procedure was applied to simulate the ocean splash environment, called ESalt+Immersion+UV. This test contained three parts. (a) The samples were stuck in a salt spray container under a wet condition (5 ± 0.5 wt.% NaCl solution, 35 ± 2 °C, pH: 6.5~7.2, continuous spray) for 2 h. Then, the samples were transferred into a steady temperature and humidity chamber under dry conditions of 60 ± 2 °C and 25 ± 5% humidity for 4 h, and then under wet conditions of 50 ± 2 °C and >95% humidity for 2 h. (b) Then, the samples were immersed in the 3.5 wt% NaCl solution with an OCP step for 4 h. (c) Then, the samples were taken out and exposed to the ultraviolet irradiator under an irradiance of 0.89 W/m2/nm in the container for 12 h. The entire time of one cycle under this test was 24 h.




	(3)

	
Combination of the EPolarization+Immersion test and the ESalt+Immersion+UV test, called ESalt+Polarization+Immersion+UV. This new test contained three parts. (a) The step was the same as in the (a) of the (2) in the ESalt+Immersion+UV test, so the time was 8 h. (b) Then, the step was the same as in the (1) of the EPolarization+Immersion test, so the time was 4 h. (c) Then, the step was the same as in the (c) of the (2) in the ESalt+Immersion+UV test, so the time was 12 h. The entire time of one cycle in this test was also 24 h.









To ensure the reproducibility of the results, at least three parallel samples were tested under the same conditions in the three accelerated tests.




2.4. Coating Characterization


The surface morphology of the epoxy coating samples was observed using a Leica DVM6 microscope (Wetzlar, Germany). The surface roughness of the samples was detected using a laser confocal scanning optical microscope (LCSOM, Keyence VK-X200, Osaka, Japan). A portable colorimeter (WR-10QC, Shenzhen, China) was utilized for calculating the color difference and reflection spectrum of the samples. The micro-FTIR spectra were measured in the wave number range from 4000 cm−1 to 600 cm−1 using a Nicolet iS50 FTIR spectrometer (Thermo Scientific Inc., Waltham, MA, USA), enabling analysis of the chemical structure of the coating samples. The adhesion between the epoxy coating and carbon steel substrate was evaluated utilizing a PosiTest pulled-off adhesion tester with a diameter of 10 mm and an applied stress rate of 0.25 MPa/s. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were employed on a Phenom XL instrument (Shanghai, China) to capture local images of corroded areas on the carbon steel substrate as well as measure Fe content and O content after adhesion testing at an operating voltage of 15 kV.





3. Results


3.1. EIS Results


In Figure 2, the impedance spectra presented as Bode plots, phase angle plots and Nyquist plots of the epoxy coating samples during the 96 h/576 h (24 cycles) in the three accelerated tests were presented. At the initial time, the impedance values of the samples in Bode plots at 0.01 Hz were more than 1.2 × 1010 Ω·cm2 in Figure 2(a1,b1,c1), significantly above the threshold impedance of 1.0 × 107 Ω·cm2. The phase angle approached near −90° over the majority of the measuring frequency range in Figure 2(a2,b2,c2). The Nyquist plot displayed in Figure 2(a3-1,a3-2,b3-1,b3-2,c3-1,c3-2) exhibited only a single time constant (one large semicircle). Hence, the epoxy coating samples exhibited excellent corrosion resistance at first.



The impedance spectrum of the three groups of samples exhibited a distinct variation trend that can be categorized into three stages. In the 16 h/96 h (first four cycles), in the EPolarization+Immersion, the entire impedance (see Figure 2(a1)) decreased sharply after 4 h (one cycle), which changed from 1.28 × 1010 Ω·cm2 to 2.62 × 108 Ω·cm2, while the region of the frequency in the phase angle (see Figure 2(a2)) near −90° drastically narrowed. And then, the semicircle in the Nyquist plot (see Figure 2(a3-1,a3-2)) shrunk rapidly, and two semicircles (two time constant) appeared after 16 h (four cycles), whereas in the ESalt+Immersion+UV, the impedance modulus at 0.01 Hz (see Figure 2(b1)) even reached from 1.24 × 1010 Ω·cm2 to 2.00 × 1010 Ω·cm2 after 24 h (one cycle) instead. The phase angle (see Figure 2(b2)) from the high frequency to the low frequency was nearer –90° in all the 96 h (four cycles). The radius of the semicircle in the Nyquist plot (see Figure 2(b3-1,b3-2)) also added vaguely. In the ESalt+Polarization+Immersion+UV, the lowest frequency impedance (see Figure 2(c1)) increased a little up from 1.21 × 1010 Ω·cm2 to 1.27 × 1010 Ω·cm2 after 24 h (one cycle) and then decreased keenly after 96 h (four cycles). The phase angle (see Figure 2(c2)) had no significant change after 24 h (one cycle), but then lost the majority of the measuring frequency range near −90° after 96 h (four cycles). The semicircle in the Nyquist plot (see Figure 2(c3-1,c3-2)) was also extended slightly after one cycle. The Warburg impedance even appeared in the Nyquist plot after 96 h (4 cycles).



From 16 h/96h (4 cycles) to 48 h/288 h (12 cycles), in the EPolarization+Immersion, the total impedance (see Figure 2(a1)) shrunk further and reduced to 1.81 × 107 Ω·cm2 after 48 h (12 cycles). The range of the frequency in the phase angle (see Figure 2(a2)) near −90° became narrower rarely, and the radius of the two semicircles (see Figure 2(a3-1,a3-2)) tapered. In the ESalt+Immersion+UV, the impedance modulus (see Figure 2(b1)) at 0.01 Hz dropped only one magnitude after 192 h (8 cycles) and then picked up a bit after 288 h (12 cycles). The area of the frequency in the phase angle (see Figure 2(b2)) near − 90 ° lessened after 192 h (8 cycles), and then accrued a little after 288 h (12 cycles). Although the radius of the semicircle (see Figure 2(b3-1,b3-2)) decreased, it was still at a large value. In the ESalt+Polarization+Immersion+UV, the lowest frequency impedance (see Figure 2(c1)) raised after 192 h (8 cycles) compared to that after 96 h (4 cycles), but then lowered to 8.39 × 106 Ω·cm2 below to 1.0 × 107 Ω·cm2 after 288 h (12 cycles), which meant the sample began to lose its protective property. The scope of the frequency (see Figure 2(c2)) in the phase angle near −90° widened to a certain extent after 192 h (8 cycles) in comparison with that after 96 h (4 cycles), and then went back to the level as that after 96 h (4 cycles). The semicircle (see Figure 2(c3-1,c3-2)) also had the same trend, which expanded severalfold after 192 h (8 cycles) and returned to a similar size as that after 96 h (4 cycles).



In the last testing time, in the EPolarization+Immersion, the total impedance (see Figure 2(a1)) became closer to 1.0 × 107 Ω·cm2 and was less than it completely after 96 h (24 cycles). The phase angle (see Figure 2(a2)) near −90° kept within a narrower range, and the value fell to −4° at 0.01 Hz. The tendency of the semicircle (see Figure 2(a3-1,a3-2)) was the same as the total impedance, which had no emerging Warburg impedance. In the ESalt+Immersion+UV, the impedance modulus (see Figure 2(b1)) at 0.01 Hz declined a small amount and still maintained in the 109 Ω·cm2 lever after 576 h (24 cycles). The district of the phase angle (see Figure 2(b2)) near −90° did not cut down too much. As the same changing situation, the radius of the semicircle (see Figure 2(b3-1,b3-2)) remained at a large value, whose number was also one (one time constant). In the ESalt+Polarization+Immersion+UV, the lowest frequency impedance (see Figure 2(c1)) mainly concentrated in 106 Ω·cm2 and not far away from 1.0 × 107 Ω·cm2. The range of the phase angle (see Figure 2(c2)) near −90° was little different compared with that after 288 h (12 cycles). The semicircle (see Figure 2(c3-1,c3-2)) continued to become smaller without the Warburg impedance emerging again.



Based on the cycles of the entire impedance being less than 1.0 × 107 Ω·cm2, the number of the cycles of the epoxy coating samples within the three accelerated methods was 24 cycles (in the EPolarization+Immersion, 96 h), above 24 cycles (in the ESalt+Immersion+UV, above 576 h) and 12 cycles (in the ESalt+Polarization+Immersion+UV, 288 h). Obviously, just as far as the corrosion rates were solely attributed to the coating systems, these three tests could be ranked in a specific order: EPolarization+Immersion, ESalt+Polarization+Immersion+UV and ESalt+Immersion+UV. However, for the accelerated efficiency from the numbers of testing cycles, the ranks were in the following order: ESalt+Polarization+Immersion+UV, EPolarization+Immersion and ESalt+Immersion+UV.




3.2. Surface Morphology


The surface morphologies of the epoxy coating samples with different cycles in the three accelerated tests are depicted in Figure 3(a1–c6). At the initial time, the surfaces of the coatings were transparent and intact with no corrosion pits (see Figure 3(a1,b1,c1)). However, it was quickly observed that there were one or two small corrosion spots that appeared on the carbon steel substrate surface in the EPolarization+Immersion after 4 h (one cycle) and the ESalt+Polarization+Immersion+UV after 24 h (one cycle). As time went on, the corrosion spots gradually expanded to be a clearly corroded area. At the same time, some new corrosion spots arose on the other carbon steel substrate region. The corroded area in the ESalt+Polarization+Immersion+UV after 288 h (12 cycles) was obviously larger than that in the EPolarization+Immersion after 48 h (12 cycles) (see Figure 3(a4,c4)). It meant that the corrosion in the ESalt+Polarization+Immersion+UV was more serious than that in the EPolarization+Immersion. The corroded area was further enlarged and the extent of corrosion was more serious in the EPolarization+Immersion after 96 h (24 cycles) and in the ESalt+Polarization+Immersion+UV after 576 h (24 cycles). In particular, only a small corrosion pit came out in the ESalt+Immersion+UV until 576 h (24 cycles).




3.3. Color Changes


The destruction condition of the epoxy coating film could be measured with a color change, which was obtained by calculating the color difference ΔE of the sample between different cycles and the beginning. In Figure 4, the values of the color difference ΔE under the three accelerated tests were exhibited within 96 h/576 h (24 cycles). All the color difference ΔE values increased with the progress of the cycles. The biggest ΔE value was 2.33 below 5.0, which signified that the whole epoxy coating film of the samples were less broken within 96 h/576 h (24 cycles). However, according to the trend of the color difference ΔE, the final average values were 0.54, 2.16 and 2.27. It was revealed that the damage condition of the epoxy coating samples in the ESalt+Polarization+Immersion+UV and the ESalt+Immersion+UV was more severe than that in the EPolarization+Immersion, and that in the ESalt+Polarization+Immersion+UV was slightly more acute than that in the ESalt+Immersion+UV for the duration.




3.4. Surface Roughness


In Figure 5, the surface roughness of the three accelerated tests is depicted, illustrating the extent of destruction observed on the epoxy coating surface layer. The surface roughness average values of all the epoxy coating samples were 2.25 at the initial time, which increased gradually with the extension of time. After 96 h/576 h (24 cycles), the surface roughness average values of the samples in the three tests reached 2.27, 2.41 and 2.51. Among them, the surface roughness in the EPolarization+Immersion was similar, which indicated that almost no damage occurred in the epoxy coating samples. In addition, the changing range of the surface roughness in the ESalt+Polarization+Immersion+UV and the ESalt+Immersion+UV was larger, which meant that a certain amount of damage had occurred in the two tests. And the broken condition in the ESalt+Polarization+Immersion+UV was a bit nastier than that in the ESalt+Immersion+UV, constantly.




3.5. Chemical Structure


The FT-IR micro-spectroscopy technique can provide an in situ test function and improve the detection sensitivity. Hence, investigating the structural modifications of epoxy coatings under ultraviolet irradiation is a commonly employed approach to examine the degradation of such coatings. As shown in Figure 6, the peak positions of the functional groups from the epoxy coating sample were analyzed during three accelerated tests. The characteristic peaks corresponding to C-H stretching vibration and -CH2 symmetric stretching vibration were observed at 2955.1 cm−1 and 2875.5 cm−1, respectively. The stretching vibration peak associated with the C=O bond appeared at 1742.9 cm−1, while the characteristic peak of the epoxy group was identified at 910.2 cm−1. Throughout the entire process, both the intensity and position of these major peaks of the functional groups remained relatively stable, indicating minimal alteration in their absorption characteristics.



To further comprehend the microscopic changes in chemical structure of the epoxy coating during the three tests, the epoxy group area ratio and C=O/C-H band area ratio were studied. Because the post-curing of the epoxy groups and dissociation of alkyl groups may still occur during the aging process of the epoxy coatings, this involves the following major chemical reactions: Equations (1) and (2).


     R 1  –  CH 2  –  NHR 2  +  CH 2    ( O )    CHR 3        →      R 1  –  CH 2  –  NR 2  –  CH 2   CHR 3  – O H    



(1)






     R 4  – C ( = O ) – N H –  CH 2  –  CH 2  –  R 5         h v   s e v e r a l     →  s t e p s    O 2         R 4  – C ( = O ) – N H – C H ( O • ) –  CH 2  –  R 5      →      R 4  – C ( = O ) – N H – C H ( = O ) + •  CH 2  –  R 5     



(2)







In the Equation (1) reaction, the epoxy groups were consumed, whose band area proportion could be used to revealed the post-curing degree of the epoxy coatings. In the Equation (2) reaction, the C=O groups were newly formed, while the C-H was reduced. Therefore, the destruction level of the epoxy coatings during the aging process could be quantified by the ratio of band areas between C=O and C-H. In Figure 7a, there has been a gradual decrease in the proportion of epoxy group band area to the total peak area. Notably, ESalt+Polarization+Immersion+UV exhibited the most significant reduction, slightly surpassing ESalt+Immersion+UV and significantly exceeding EPolarization+Immersion. These findings indicate that there is a post-curing phenomenon occurring in epoxy coatings under ultraviolet irradiation. In Figure 7b, the ratio of C=O to C-H increases with an increasing number of cycles, further confirming decomposition within the polymer coated with epoxy. The rise in C=O to C-H ratio is much more pronounced in ESalt+Polarization+Immersion+UV and ESalt+Immersion+UV compared to EPolarization+Immersion, suggesting that UV radiation could expedite the deterioration process of epoxy-coated polymers.




3.6. Adhesion Analysis


Adhesion of the coatings is a significant index to evaluate the binding performance between the coatings and the metallic substrates. It could indirectly reflect the extent of corrosion damage on coated samples, as reduced adhesion was typically caused by blistering at the interface between the coating and carbon steel or deadhesion due to corrosion. In Figure 8, the adhesion in the three accelerated tests decreased in different amplitude compared with the initial samples. The adhesion values of the EPolarization+Immersion, the ESalt+Immersion+UV and the ESalt+Polarization+Immersion+UV dropped down from 12.13 MPa to 6.51 MPa, 9.98 MPa and 8.04 MPa, respectively. These results indicated that there was serious corrosion occurring at the interface between the coating and substrate in EPolarization+Immersion and ESalt+Polarization+Immersion+UV tests, while less corrosion damage was observed in ESalt+Immersion+UV.




3.7. SEM Morphologies and EDS Analysis


The carbon steel substrate morphologies and the composition of the corrosion products were analyzed by SEM with EDS at the destruction sites in the back of the adhesion measurement. The SEM morphologies were from the initial surface and the most severe corrosion region of the carbon steel substrate. In Figure 9, the corrosion products in the corroded area predominantly consisted of iron and oxygen elements. This observation suggested the formation of iron-containing oxides within the affected region [54,55]. Among them, the O element was mainly distributed in the corrosion damage areas, which was obviously different from that in the non-corrosive region. Although the Fe element consumed all the corrosion damage areas, the distribution of the Fe element in the corrosion damage area was also different from that in the non-corrosive region.



The Raman spectra of the corrosion products (see Figure 10) reveal that in the destructed site after the adhesion test, the peak values at 220, 286, 399, 480, 605 and 1302 cm−1 can be put down to α-Fe2O3, while the peak value at 654 cm−1 should be imputed to Fe3O4 [56,57]. These characteristic peaks further indicate the formation of iron oxides during the metamorphic process of the samples.



The higher the iron oxide content in the corrosion zone, the greater the presence of the oxygen (O) element, indicating a more severe degree of corrosion due to increased oxidation of O into iron oxide. In order to reveal the specific O element content of the entire area in the morphologies, the EDS test [58] was implemented. The results in Figure 11 exhibited that the original O content on the carbon steel surface was about 0.80 wt.%. In the three accelerated tests of the EPolarization+Immersion, the ESalt+Immersion+UV and the ESalt+Polarization+Immersion+UV after 96 h/576 h (24 cycles), the O content rose to 23.03 wt.%, 9.53 wt.% and 16.50 wt.%, respectively. It meant that the corrosion degree of the carbon steel substrate in the EPolarization+Immersion was most severe. The deterioration in the EPolarization+Immersion and the ESalt+Polarization+Immersion+UV was more serious than that in the ESalt+Immersion+UV.





4. Discussion


4.1. Corrosion-Acceleration Mechanism of EPolarization+Immersion


The epoxy coating samples immersed in 3.5 wt.% NaCl solution had a constant cathodic reaction:


2H2O + 2e− → 2OH− + H2↑ and/or O2 + 2H2O + 4e− → 4OH−



(3)




and anodic reaction:


M → Mn+ + ne−



(4)




involved in the corrosion failure process. In the EPolarization+Immersion, the corrosion damage of the samples was accelerated by the alternating cathodic and anodic polarization with symmetrical positive and negative electric charges. The detailed corrosion acceleration mechanism [48] can be summarized as follows and schematically depicted in Figure 12:




	(a)

	
Firstly, the O2 and cations such as H+ and Na+ in 3.5 wt.% NaCl solution are transported in the cathodic DC step to the metallic substrate through the micro defects and pores in the epoxy coating. Meanwhile, the cathodic reaction (reaction (3)) occurring on the metallic substrate surface is accelerated by the cathodic polarization, resulting in fast formation of H2 and OH−. The evolved H2 pushes the coating film away from the substrate, forming a gaseous bubble between the epoxy coating film and the carbon steel substrate. The generated OH− can also impair the bonding strength between the coating film and the substrate.




	(b)

	
Secondly, immediately after the cathodic polarization is the anodic DC step. The anions Cl− and OH− are transported in the 3.5 wt.% NaCl solution to the metallic substrate through the micro defects and pores in the epoxy coating film. At the same time, the substrate metal is anodically dissolved at a high rate on account of the accelerated anodic reaction (reaction (4)). Some of the dissolved metal cations combine with OH− to form hydroxides/oxides.




	(c)

	
Thirdly, in the relaxation stage, the corrosion products of


2Mn+ + 2nOH− → 2M(OH)n → M2On + nH2O



(5)




mainly the hydroxides/oxides, are further produced duo to the corrosion of the substrate metal in the presence of the H2O and Cl−.
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Figure 12. Schematic illustration of corrosion failure mechanism of the epoxy coating samples undergoing the EPolarization+Immersion. 
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According to this model, under the alternating cathodic and anodic polarization, H+, Na+, Cl− and H2O and O2 would more quickly arrive at the surface of the epoxy coating/carbon steel substrate than under a static immersion, which could lower the impedance (see Figure 2(a1,a3-1,a3-2)). The formed hydroxides/oxides could spread rapidly along the metallic substrate, which could be seen in the surface morphologic images (see Figure 3). The generated products containing H2 bubbles, OH− and hydroxides/oxides dramatically whittled the adhesion between the epoxy coating film and the carbon steel substrate, pushing and wedging the coating film apart off the substrate. Therefore, the coating delamination (see Figure 7) and the carbon steel substrate corrosion (see Figure 9 and Figure 11) in the EPolarization+Immersion were the most serious.



Because the cathodic polarization and anodic polarization were alternately applied with symmetrical positive and negative electric charges, the cathodic reaction (reaction (3)) and anodic reaction (reaction (4)) were equally accelerated in each cycle. It is the most important feature of a natural corrosion process that the anodic process is always equally coupled by the cathodic process. Therefore, the EPolarization+Immersion test kept the critical feature of a corrosion process, while the anodic and cathodic processes were equally accelerated (i.e., the corrosion process is accelerated). In other words, the accelerated test did not alter the corrosion mechanism of the epoxy coating samples in the immersion environment.



Similar research was carried out in our last study [48], which was executed once in a 24 h period. Under the premise that the OCP of the sample returned to the stable state after each polarization, the test number was added in the EPolarization+Immersion test, resulting in the failure rate being accelerated to a certain extent.




4.2. Corrosion-Acceleration Mechanism of ESalt+Immersion+UV


The ESalt+Immersion+UV test included salt spraying, drying, humidifying, salt-immersion and UV irradiation steps. It simulated the ocean splash environment. An epoxy coating usually degrades with time after it is exposed to the simulated environment of a multi-factor coupling-accelerated test. Salt spray can accelerate the penetration rate of water and corrosive media in the organic coating, thereby shortening the time to reach the metal substrate [59]. The alternation of drying and humidifying combined with the alternation of temperature and salinity in the test could also inflict a swelling–shrinking effect on the organic coating, and consequently weaken or even break the coating [60,61]. The photo-oxidation resulting from UV light may trigger and initiate a chain scission of polymer molecules [62,63]. Among that, parts of the same conclusions about disruptive behavior have been found in our group’s previous research [17]. However, in the ESalt+Immersion+UV test, an interesting phenomenon was observed, that the impedance of the epoxy coating did not decrease in 96 h (in the first four cycles), but was improved (see Figure 2(b1,b3-1,b3-2)). This might be caused by the so-called post-curing process, in which the UVA irradiation further cured the epoxy (see reaction (1) and Figure 7a), and the epoxy coating molecules became denser with more UVA-inducing cross-links. This post-curing effect might to some degree balance the UVA-irradiation-induced degradation of the epoxy coating in the top layer (see reaction (2) and Figure 7b). Hence, the overall corrosion resistance of the samples film was modified in the early stage, resulting in smaller corrosion areas on the metallic substrate (see Figure 3(b1–b3)). Obviously, the post-curing effect gradually ceased and the UVA-irradiation-induced damage accumulated with time, the protection performance of the coating eventually deteriorated. It was also the reason that the changes in color and surface roughness became more significant with time later on (see Figure 4 and Figure 5).



As in the ESalt+Immersion+UV, no alternating cathodic and anodic polarization steps were involved to accelerate the destruction of the epoxy coating, the overall damage rate of the epoxy coating was slower. This could also result in less loss of ultimate adhesion of the coating and less severe corrosion of the metallic substrate (see Figure 8, Figure 9 and Figure 11). However, owing to the coupling failure effects from the salt spraying, drying, humidifying, high temperature, salt-immersion and UV irradiation steps, the decline rate of the impedance mode and the corrosion area of the metal substrate were higher than those in the test that only combined with salt-immersion and UV irradiation steps at the same testing period, which could be seen in our group’s last research [48]. According to the above process, the detailed corrosion acceleration mechanism can be summarized below and schematically illustrated in Figure 13.




4.3. Corrosion-Acceleration Mechanism of ESalt+Polarization+Immersion+UV


The ESalt+Polarization+Immersion+UV is composed of the EPolarization+Immersion with the ESalt+Immersion+UV, in which the corrosion of the carbon steel substrate is mainly accelerated by the cathodic and anodic polarization. The corrosion destruction of the epoxy coating samples in the test differed from that in the ESalt+Immersion+UV. The anti-corrosion performance of the epoxy coating was enhanced a little bit after 24 h (in the first cycle). The reason was also that the enhancement effect from the post-curing process in the epoxy coating was stronger than the damage effect from the coupling process of the salt spraying, drying, humidifying, high temperature, salt immersion combined with the cathodic and anodic polarization and the UVA irradiation. And then descended rapidly in the later cycles as indicated by the decreasing impedance (see Figure 2(c1,c3-1,c3-2)). This indicated that the damage effect began to be greater than the enhancement effect, and the damage effect promoted the penetration and transmission of water and corrosive media in the coating. Especially, the appearance of the Warburg impedance in the Nyquist plot after 96 h (4 cycles) implied that the corrosive medium had reached the metallic substrate surface and caused obvious electrochemical corrosion there. The detail corrosion damage could be observed in Figure 3(c3). The accidentally enhanced impedance at 192 h (the 8th cycle) (see Figure 2(c1,c3-1,c3-2)) might be a result of the blockage of the micro pores and defects in the epoxy coating because of the accumulated corrosion products from the carbon steel substrate. After 288 h (12 cycles), the epoxy coating lost its protective property, and the impedance decreased below 1.0 × 107 Ω·cm2. Because the damage effect from the coupling process of the salt spraying, drying, humidifying, high temperature, salt immersion combined with the cathodic and anodic polarization surpassed that in the process of only cathodic and anodic polarization, and was stronger than the coupling process of the only salt immersion combined with the cathodic and anodic polarization [48], the ESalt+Polarization+Immersion+UV had a higher corrosion acceleration effect than the other two tests in the same number of cycles (but different periods), as a whole.



Another interesting phenomenon was that the changes in color, surface roughness and the ratio of C=O to C-H in the coating during the ESalt+Polarization+Immersion+UV were greater than those in the ESalt+Immersion+UV. There might be two reasons for the greater changes. The first one is that the accumulation of corrosion products at the surface between the coating and the carbon steel substrate during the ESalt+Polarization+Immersion+UV caused serious deformation of the coating, resulting in more micro-defects in the coating and an expanded surface area exposed to ultraviolet light. The second reason is that the deposited corrosion products on the metallic substrate might absorb more heat locally from the ultraviolet light and then release to heat the epoxy coating in the local area, which could also accelerate the degradation of the coating. According to the above process, the detailed corrosion acceleration mechanism can be summarized below and schematically illustrated in Figure 14.




4.4. Corrosion Acceleration Effects of the Three Tests


From what has been discussed above, the corrosion acceleration effects of the three tests were compared. In the EPolarization+Immersion, because the penetration and transmission rate of water and corrosive media in the coating were accelerated by the alternating cathodic and anodic polarization with symmetrical positive and negative electric charges, the time of arriving at the carbon steel substrate was shortened, resulting in the stripping of the epoxy coating at the interface between the carbon steel substrate and the coating, which was conducive to the accelerated corrosion rate of the carbon steel substrate. It could be seen that the impedance values of the epoxy coating samples descended rapidly in a short time. The corrosion area of the carbon steel substrate gradually expanded with the extension of the testing time. On account of no drying, humidifying and UVA irradiation, the chemical performances of the epoxy coating were merely lost in the test.



There were two effects competing with each other in the ESalt+Immersion+UV. The one was a damage effect from the coupling process of the salt spraying, drying, humidifying, high temperature, salt immersion and UVA irradiation, leading to the acceleration of the penetration and transmission rate of water and corrosive media in the coating, the weakening or even breaking of the polymer and the chain scission of polymer molecules. The other one was an enhancement effect from the post-curing process by the UVA irradiation, causing the molecular structure to become denser. Because the test time was not long, the enhancement effect was more dominant than the damage effect, contributing to most degradation of the samples concentrated in the polymer surface layer of the coating, and the damage of the carbon steel substrate was less. However, as the testing time went on, the situation reversed along with a gradual decline in the anti-corrosion property of the samples.



To the ESalt+Polarization+Immersion+UV, it was combined with the EPolarization+Immersion on the basis of the ESalt+Immersion+UV. The damage effect was greatly strengthened by the new coupling process of the salt spraying, drying, humidifying, high temperature, salt immersion combined with the cathodic and anodic polarization and the UVA-irradiation-induced degradation, which was superior to the enhancement effect from the post-curing process at the early time after 24 h (the first cycle). Moreover, with the progress of the testing time, the damage effect under the new coupling process would continue to be intensified, which was far greater than the enhancement effect, causing the failure rate of the samples to be unremittingly accelerated. Therefore, the degradation rate of the samples in ESalt+Polarization+Immersion+UV was the fastest from the 4th cycle to the 24th cycle, whose corresponding time was from 96 h to 576 h.





5. Conclusions


	(1)

	
Under the immersion environment during the EPolarization+Immersion, the alternating cathodic and anodic polarization with symmetrical positive and negative electric charges can dramatically accelerate both the cathodic and anodic reactions. The destruction of the epoxy coating systems was rapidly accelerated, which lost its anti-corrosion property after 24 cycles equal to 96 h. The main damage sites were the corrosion of metal substrate, while there was a mere loss of the chemical performances of the epoxy coating samples.




	(2)

	
The ESalt+Immersion+UV consists of salt spray (containing wet, dry and humid), immersion and UV irradiation, which could preferably simulate the ocean splash zone. The destruction effect from the salt spraying, drying, humidifying, high temperature, salt immersion and UVA irradiation competed with the enhancement effect from the post-curing process by the UVA irradiation within the test time. The damage effect was weaker than the enhancement effect at early time, resulting in the entire impedance of the coating samples being improved about 1.6 times more than that in the initial time. As the testing time progressed, the situation reversed along with a gradual anti-corrosion performance decline in the samples.




	(3)

	
The ESalt+Polarization+Immersion+UV is a combination of EPolarization+Immersion and ESalt+Immersion+UV. The coupling process of the salt spraying, drying, humidifying, high temperature, salt immersion combined with the cathodic and anodic polarization and the UVA-irradiation-induced degradation causes the acceleration of the penetration and transmission rate of water and corrosive media in the coating, the weakening or even break of the polymer and the chain scission of polymer molecules to occur together, whose damage effect is much greater than the enhancement effect from the post-curing process. It had the strongest damage-acceleration effect in the ESalt+Polarization+Immersion+UV than the other two tests.











Author Contributions


Conceptualization, G.S.; Methodology, Y.X., G.S., D.Z., C.L. and E.H.; Software, D.Z.; Formal analysis, G.S., C.L. and E.H.; Investigation, Y.X., G.S., C.L. and E.H.; Resources, D.Z.; Data curation, Y.X.; Writing—original draft, Y.X.; Writing—review & editing, G.S.; Supervision, G.S., D.Z., C.L. and E.H.; Project administration, G.S., C.L. and E.H.; Funding acquisition, G.S. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the support of the National Natural Science Foundation of China (No. 52250710159, No. 51731008 and No. 51671163), and the National Key Research and Development Program of China (Grant No. 2017YFB0702100).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Peng, H.; Chen, Z.; Liu, M.; Zhao, Y.; Fu, W.; Liu, J.; Tan, X. Study on the Effect of Additives on the Performance of Cement-Based Composite Anti-Corrosion Coatings for Steel Bars in Prefabricated Construction. Materials 2024, 17, 1996. [Google Scholar] [CrossRef] [PubMed]

	



Evan, W.; Chris, M.; Calvin, A.; Sarah-Jane, P.; Chris, B.; Peter, B.; Justin, S.; Eifion, J. Improving the Corrosion Performance of Organically Coated Steel Using a Sol–Gel Overcoat. Materials 2024, 17, 1075. [Google Scholar] [CrossRef] [PubMed]

	



Rosa, V.; Margarita, B.; Rodrigo, H.; Lisa, M.; Paula, R.; Andrés, D. Performance of Anticorrosive Paint Systems for Carbon Steel in the Antarctic Marine Environment. Materials 2023, 16, 5713. [Google Scholar] [CrossRef] [PubMed]

	



Policastro, S.A.; Anderson, R.M.; Hangarter, C.M.; Arcari, A.; Iezzi, E.B. Experimental and Numerical Investigation into the Effect of Water Uptake on the Capacitance of an Organic Coating. Materials 2023, 16, 3623. [Google Scholar] [CrossRef] [PubMed]

	



Eugenio, A.; Barbara, P.; Stefania, D.; Alfonso, M. Thermally Mendable Self-Healing Epoxy Coating for Corrosion Protection in Marine Environments. Materials 2023, 16, 1775. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Ran, J.; Dai, W.; Zhang, W. Investigation of Service Life Prediction Models for Metallic Organic Coatings Using Full-Range Frequency EIS Data. Metals 2017, 7, 274. [Google Scholar] [CrossRef]

	



ASTM B117-19; Standard Practice for Operating Salt Spray (Fog) Apparatus. ASTM International: West Conshohocken, PA, USA, 2019.

	



Hammer, T.; Pugh, C.; Soucek, M. Ultraviolet-Curable Cycloaliphatic Polyesters Containing Spiroacetal Moieties for Application as Powder Coatings. ACS Appl. Polym. Mater. 2022, 4, 2294–2305. [Google Scholar] [CrossRef]

	



Hadzich, A.; Flores, S.; Caprari, J.; Romagnoli, R. Study of zinc tannates prepared with Tara powder (Caesalpinia spinosa) as anticorrosive pigments in alkyd paints and wash primer formulations. Prog. Org. Coat. 2018, 117, 35–46. [Google Scholar] [CrossRef]

	



Fedel, M.; Franch, J.; Rossi, S. Effect of thickness and sealing treatments on the corrosion protection properties of anodic oxide coatings on AA5005. Surf. Coat. Technol. 2021, 408, 126761. [Google Scholar] [CrossRef]

	



ASTM G154-23; Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp Apparatus for Exposure of Materials. ASTM International: West Conshohocken, PA, USA, 2023.

	



Sun, L.; Hao, X.; He, J.; Cai, Y.; Guo, P.; Ma, Q. Preparation and Performance Study of Rapid Repair Epoxy Concrete for Bridge Deck Pavement. Materials 2024, 17, 2674. [Google Scholar] [CrossRef]

	



ASTM D5894-21; Standard Practice for Cyclic Salt Fog/UV Exposure of Painted Metal (Alternating Exposures in a Fog/Dry Cabinet and a UV/Condensation Cabinet). ASTM International: West Conshohocken, PA, USA, 2021.

	



Upadhyay, V.; Allahar, K.; Bierwagen, G. Environmental humidity influence on a topcoat/Mg-rich primer system with embedded electrodes. Sens. Actuators B-Chem. 2014, 193, 522–529. [Google Scholar] [CrossRef]

	



Gutierrez, S.; Stone, D.; He, R.; Gutierrez, P.; Walsh, Z.; Robinson, S. Potential Use of the Pigments from Scytalidium cuboideum and Chlorociboria aeruginosa to Prevent ‘Greying’ Decking and Other Outdoor Wood Products. Coatings 2021, 11, 511. [Google Scholar] [CrossRef]

	



Gao, J.; Hu, W.; Wang, R.; Li, X. Study on a multifactor coupling accelerated test method for anticorrosive coatings in marine atmospheric environments. Polym. Test. 2021, 100, 107259. [Google Scholar] [CrossRef]

	



Feng, Z.; Song, G.; Wang, Z.; Xu, Y.; Zheng, D.; Wu, P.; Chen, X. Salt crystallization-assisted degradation of epoxy resin surface in simulated marine environments. Prog. Org. Coat. 2020, 149, 105932. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wu, J.; Zhao, X.; Zhang, Y.; Wu, Y.; Su, T.; Deng, H. Life evaluation of organic coatings on hydraulic metal structures. Prog. Org. Coat. 2020, 148, 105848. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wu, J.; Su, T.; Mo, X.; Deng, H.; Wu, Y.; Zhang, Y. Life Prediction for Anticorrosive Coatings on Steel Bridges. Corrosion 2020, 76, 773–785. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Feng, P.; Lv, Y.; Geng, Z.; Liu, Q.; Liu, X. A comparative study on UV degradation of organic coatings for concrete: Structure, adhesion, and protection performance. Prog. Org. Coat. 2020, 149, 105892. [Google Scholar] [CrossRef]

	



Cai, G.; Zhang, D.; Jiang, D.; Dong, Z. Degradation of fluorinated polyurethane coating under UVA and salt spray. Part II: Molecular structures and depth profile. Prog. Org. Coat. 2018, 124, 25–32. [Google Scholar] [CrossRef]

	



Hao, W.; Liu, Z.; Wu, W.; Li, X.; Du, C.; Zhang, D. Electrochemical characterization and stress corrosion cracking of E690 high strength steel in wet-dry cyclic marine environments. Mat. Sci. Eng. A-Struct. 2017, 710, 318–328. [Google Scholar] [CrossRef]

	



Zhang, X.; Dong, R.; Gao, B.; Chen, J.; Mu, Z.; Zhang, W.; Yang, X. Effect of trace rare earth elements (Ce) on corrosion resistance of high strength steel used for offshore platform. Mater. Res. Express 2023, 10, 036514. [Google Scholar] [CrossRef]

	



Guo, H.; Wei, H.; Li, G.; Sun, F. Experimental research on fatigue performance of butt welds of corroded Q690 high strength steel. J. Constr. Steel Res. 2021, 184, 106801. [Google Scholar] [CrossRef]

	



Zhou, Y.; Wang, X.; Hu, B.; Sui, L.; Yuan, F. Seismic Retrofit of Nonuniformly Corroded Coastal Bridge Piers with FRP and Engineered Cementitious Composite Overlays. J. Compos. Constr. 2023, 27, 04022088. [Google Scholar] [CrossRef]

	



Syrek-Gerstenkorn, B.; Paul, S.; Davenport, A. Use of thermally sprayed aluminium (TSA) coatings to protect offshore structures in submerged and splash zones. Surf. Coat. Technol. 2019, 374, 124–133. [Google Scholar] [CrossRef]

	



Davalos-Monteiro, R.; D’Ambrosio, G.; Zhou, X.; Gibbon, S.; Curioni, M. Relationship between natural exposure testing and cyclic corrosion testing ISO 20340 for the assessment of the durability of powder-coated steel. Corros. Eng. Sci. Technol. 2021, 56, 742–752. [Google Scholar] [CrossRef]

	



Mizuno, D. Automotive Corrosion and Accelerated Corrosion Tests for Zinc Coated Steels. ISIJ Int. 2018, 58, 1562–1568. [Google Scholar] [CrossRef]

	



Miwa, T.; Takeshita, Y.; Ishii, A.; Sawada, T. Simulation of water absorption and desorption behavior for an-ti-corrosion coatings in existing and new accelerated corrosion tests. Prog. Org. Coat. 2018, 120, 71–78. [Google Scholar] [CrossRef]

	



Yin, D.; Xu, Q. Comparison of Sandstone Damage Measurements Based on Non-Destructive Testing. Materials 2020, 13, 5154. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, Y.; Liu, Z.; Li, Z.; Zhang, T.; Cheng, Y.; Lei, L.; Yang, B.; Hou, Y. Highly efficient electrosynthesis of H2O2 in acidic electrolyte on metal-free heteroatoms co-doped carbon nanosheets and simultaneously promoting Fenton process. Chin. Chem. Lett. 2024, 35, 108926. [Google Scholar] [CrossRef]

	



Bierwagen, G.; Tallman, D.; Li, J.; He, L.; Jeffcoate, C. EIS studies of coated metals in accelerated exposure. Prog. Org. Coat. 2003, 46, 148–157. [Google Scholar] [CrossRef]

	



Bethencourt, M.; Botana, F.; Cano, M.; Osuna, R.; Marcos, M. Lifetime prediction of waterborne acrylic paints with the AC-DC-AC method. Prog. Org. Coat. 2004, 49, 275–281. [Google Scholar] [CrossRef]

	



Lopes, T.; Lopes, T.; Martins, D.; Carneiro, C.; Machado, J.; Mendes, A. Accelerated aging of anticorrosive coat-ings: Two-stage approach to the AC/DC/AC electrochemical method. Prog. Org. Coat. 2020, 138, 105365. [Google Scholar] [CrossRef]

	



Hollaender, J. Rapid assessment of food/package interactions by electrochemical impedance spectroscopy (EIS). Food Addit. Contam. 1997, 14, 617–626. [Google Scholar] [CrossRef] [PubMed]

	



Weidje, H.; Mills, D.; Bierwagen, G. International workshop on application of electrochemical techniques to organic coatings. Prog. Org. Coat. 2000, 39, 3–5. [Google Scholar] [CrossRef]

	



Cuttone, L.; Cristini, S.; Trueba, M.; Trasatti, S. Electrochemical investigation of polyaniline blends on galvanized steel. Prog. Org. Coat. 2016, 96, 65–79. [Google Scholar] [CrossRef]

	



Zadeh, M.; Zwaag, S.; García, S. Assessment of healed scratches in intrinsic healing coatings by AC/DC/AC ac-celerated electrochemical procedure. Sur. Coat. Technol. 2016, 303, 396–405. [Google Scholar] [CrossRef]

	



García, S.; Suay, J. Epoxy powder clearcoats used for anticorrosive purposes cured with ytterbium III trifl uoro-methanesulfonate. Corrosion 2007, 63, 379–390. [Google Scholar] [CrossRef]

	



García, S.; Rodríguez, M.; Izquierdo, R.; Suay, J. Evaluation of cure temperature effects in cataphoretic automotive primers by electrochemical techniques. Prog. Org. Coat. 2007, 60, 303–311. [Google Scholar] [CrossRef]

	



Fragni, R.; Zurlini, C.; Montanari, A.; Kiroplastis, V.; Peñalba, F. Adhesion improvement of the UV lacquers for food cans by applying a post-curing current treatment. Prog. Org. Coat. 2006, 55, 254–261. [Google Scholar] [CrossRef]

	



Usman, B.; Scenini, F.; Curioni, M. Exploring the use of an AC-DC-AC technique for the accelerated evaluation of anticorrosion performance of anodic films on aluminium alloys. Prog. Org. Coat. 2020, 144, 105648. [Google Scholar] [CrossRef]

	



Puig, M.; Gimeno, M.; Gracenea, J.; Suay, J. Anticorrosive properties enhancement in powder coating duplex systems by means of ZMP anticorrosive pigment. Assessment by electrochemical techniques. Prog. Org. Coat. 2014, 77, 1993–1999. [Google Scholar] [CrossRef]

	



Xu, Y.; Song, G.; Zheng, D.; Feng, Z. The corrosion damage of an organic coating accelerated by different AC-DC-AC tests. Eng. Failure Anal. 2021, 126, 105461. [Google Scholar] [CrossRef]

	



Zheng, D.; Gui, Q.; Xu, Y.; Song, G. Modified AC-DC-AC method for evaluation of corrosion damage of acrylic varnish paint coating/Q215 steel system. Prog. Org. Coat. 2021, 159, 106401. [Google Scholar] [CrossRef]

	



Fan, B.; Yang, J.; Cao, L.; Wang, X.; Li, J.; Yang, Y.; Wang, Q.; Zhang, P.; Vogel, F.; Li, W.; et al. Revealing the Impact of Micro-SiO2 Filer Content on the Anti-Corrosion Performance of Water-Borne Epoxy Resin. Polymer 2023, 15, 3273. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Y.; Xu, L.; Liu, Y.; Lu, Y.; Xu, H.; Zhao, R.; Bai, S.; Xin, Y.; Hou, J.; Liu, X.; et al. Influence of AC-DC-AC Cycling with Hydrostatic Pressure on Accelerated Protective Performance Test of Glass Flake Epoxy Coating. Coating 2023, 13, 1843. [Google Scholar] [CrossRef]

	



Xu, Y.; Song, G.; Zheng, D. The Combined Effect of Direct Current Polarization, Ultraviolet Radiation, and Saline Immersion on the Degradation of an Epoxy Coating. J. Mater. Eng. Perform. 2023, 33, 3570–3581. [Google Scholar] [CrossRef]

	



Du, S.; Zhang, Y.; Meng, M.; Tang, A.; Li, Y. The role of water transport in the failure of silicone rubber coating for implantable electronic devices. Prog. Org. Coat. 2021, 159, 106419. [Google Scholar] [CrossRef]

	



Tokutake, K.; Okazaki, S.; Kodama, S. Investigation of Accelerated Degradation Methods to Cause Blisters for Non-Defective Vinyl Ester Resin Glass Flake Organic Coatings. Coatings 2022, 12, 76–97. [Google Scholar] [CrossRef]

	



Xu, Y.; Song, G.; Zheng, D. Prediction of long-term service life of an organic coating based on short-term exposure results. Anti-corros. Method. M. 2022, 69, 269–278. [Google Scholar] [CrossRef]

	



ISO/TR 16208:2014; Corrosion of Metals and Alloys—Test Method for Corrosion of Materials by Electrochemical Impedance Measurements. ISO: Geneva, Switzerland, 2014.

	



ISO 17463:2022; Paints and Varnishes—Guidelines for the Determination of Anticorrosive Properties of Organic Coatings by Accelerated Cyclic Electrochemical Technique. ISO: Geneva, Switzerland, 2022.

	



Zhou, Y.; Liu, X.; Kang, J.; Yue, W.; Qin, W.; Ma, G.; Fu, Z.; Zhu, L.; She, D.; Wang, H.; et al. Corrosion behavior of HVOF sprayed WC-10Co4Cr coatings in the simulated seawater drilling fluid under the high pressure. Eng. Failure Anal. 2020, 109, 104338. [Google Scholar] [CrossRef]

	



Zhu, Q.; Zhang, B.; Zheng, M.; Zhao, X.; Xu, J. Corrosion Behaviors of S355 Steel under Simulated Tropical Marine Atmosphere Conditions. J. Mater. Eng. Perform. 2022, 31, 10054–10062. [Google Scholar] [CrossRef]

	



Thinaharan, C.; George, R.; Philip, J. In Situ Raman Spectroscopic Analysis on Carbon Steel, Immersed in Aqueous Solutions at Different pH and Anions. J. Mater. Eng. Perform. 2020, 29, 2792–2805. [Google Scholar] [CrossRef]

	



Yan, S.; Wu, Q. A novel structure for enhancing the sensitivity of gas sensors—α-Fe2O3 nanoropes containing a large amount of grain boundaries and their excellent ethanol sensing performance. J. Mater. Chem. A 2015, 3, 5982. [Google Scholar] [CrossRef]

	



Vidal, F.; Vicente, R.; Bastos, A.; Rocha, A.; Silva, J.; Mendes Silva, J. Atmospheric corrosion in two different urban environments in Portugal: Results of one-year exposure. Corros. Eng. Sci. Technol. 2019, 54, 614–626. [Google Scholar] [CrossRef]

	



Cai, G.; Wang, H.; Jiang, D.; Dong, Z. Degradation of fluorinated polyurethane coating under UVA and salt spray. Part I: Corrosion resistance and morphology. Prog. Org. Coat. 2018, 123, 337–349. [Google Scholar] [CrossRef]

	



Bouvet, G.; Cohendoz, S.; Feaugas, X.; Touzain, S.; Mallarino, S. Microstructural reorganization in model epoxy network during cyclic hygrothermal ageing. Polymer 2017, 122, 1–11. [Google Scholar] [CrossRef]

	



Krakovsky, I.; Plestil, J.; Almásy, L. Structure and swelling behaviour of hydrophilic epoxy networks investigated by SANS. Polymer 2006, 47, 218–226. [Google Scholar] [CrossRef]

	



Al-Turaif, H. Surface morphology and chemistry of epoxy-based coatings after exposure to ultraviolet radiation. Prog. Org. Coat. 2013, 76, 677–681. [Google Scholar] [CrossRef]

	



La Mantia, F.; Morreale, M.; Botta, L.; Mistretta, M.; Ceraulo, M.; Scaffaro, R. Degradation of polymer blends: A brief review. Polym. Degrad. Stabil. 2017, 145, 79–92. [Google Scholar] [CrossRef]








[image: Materials 17 03623 g001] 





Figure 1. The tested sample figure (a) and schematic illustration of the three-electrode cell used for EIS test (b). 
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Figure 2. Typical Bode plots, phase angle plots and Nyquist plots for the epoxy coating samples in the EPolarization+Immersion (a1,a2,a3-1,a3-2), ESalt+Immersion+UV (b1,b2,b3-1,b3-2) and ESalt+Polarization+Immersion+UV (c1,c2,c3-1,c3-2) tests at initial time (■) and after 4 h/24 h (●), 16 h/96 h (▲), 32 h/192 h (▼), 48 h/288 h (◀), 64 h/384 h (▶), 80 h/480 h (★) and 96 h/576 h (◆). 
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Figure 3. The surface morphologic images for the epoxy coating samples changing within 96 h/576 h (24 cycles) under the EPolarization+Immersion (a1–a6), ESalt+Immersion+UV (b1–b6) and ESalt+Polarization+Immersion+UV (c1–c6) tests. 
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Figure 4. The color difference for the epoxy coating samples changing within 96 h/576 h (24 cycles) in the EPolarization+Immersion, ESalt+Immersion+UV and ESalt+Polarization+Immersion+UV tests. 
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Figure 5. The roughness for the epoxy coating samples changing within 96 h/576 h (24 cycles) in the EPolarization+Immersion, ESalt+Immersion+UV and ESalt+Polarization+Immersion+UV tests. 
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Figure 6. The FT-IR spectra for the epoxy coating samples changing within 96 h/576 h (24 cycles) in the EPolarization+Immersion (a), ESalt+Immersion+UV (b) and ESalt+Polarization+Immersion+U tests (c). 
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Figure 7. Time dependence of the proportion for epoxy group band area to the total peak area (a), and the band area ratio of C=O to C-H groups (b) within 96 h/576 h (24 cycles) of the EPolarization+Immersion, ESalt+Immersion+UV and ESalt+Polarization+Immersion+UV tests. 
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Figure 8. The adhesion for the epoxy coating samples at the initial time and after 96 h/576 h (24 cycles) of the EPolarization+Immersion, the ESalt+Immersion+UV and the ESalt+Polarization+Immersion+UV tests. 
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Figure 9. SEM images and EDS results for the epoxy coating samples at the initial (a1–a3) and after 96 h/576 h (24 cycles) in the EPolarization+Immersion (b1–b3), the ESalt+Immersion+UV (c1–c3) and the ESalt+Polarization+Immersion+UV (d1–d3). 
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Figure 10. Raman spectra of the corrosion products for the epoxy coating/carbon steel samples at the initial time and 96 h/576 h (24 cycles) in the EPolarization+Immersion, ESalt+Immersion+UV and ESalt+Polarization+Immersion+UV tests. 
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Figure 11. The detected mass contents of Fe in the epoxy coating samples at the initial and 96 h/576 h (24 cycles) in the EPolarization+Immersion, ESalt+Immersion+UV and ESalt+Polarization+Immersion+UV tests. 
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Figure 13. Schematic illustration of corrosion failure mechanism of the epoxy coating samples undergoing the ESalt+Immersion+UV. 
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Figure 14. Schematic illustration of corrosion failure mechanism of the epoxy coating samples undergoing the ESalt+Polarization+Immersion+UV. 
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