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The construction of numerous offshore wind power plants across the European Union and globally has exposed these structures to corrosive marine environments, leading to significant corrosion damage, particularly in welded joints. This study examines the effect of nickel and nickel-copper nanolaminates on corrosion resistance. Electrochemical methods, including polarization measurements and electrochemical impedance spectroscopy (EIS), were used to evaluate corrosion behavior in tap water and 3.5% NaCl solution. Visual inspection by optical microscopy was performed to analyze localized corrosion defects. BM-Ni and BM-Ni-Cu specimens exhibited galvanic corrosion, more intense in NaCl solution. BM-Ni-Cu samples showed significant potential differences, indicating electrochemical interactions between nanolayers. Corrosion defects initiated at surface imperfections, potentially affecting the integrity of welded joints over time. Surface defects in nanolaminates may serve as corrosion initiation points. The results showed the promising potential of metal multilayer nanocoatings for improving the corrosion resistance of welded joints. Future research should optimize layer thickness and other parameters to improve corrosion resistance and enhance the durability of offshore wind turbines.
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1 INTRODUCTION
The wind energy sector represents one of the most important industries for the European Union (EU) economy, which is supposed to remain responsible for growth, employment, and investment in this sector (Flachsland and Levi, 2021; IEA Wind, 2022). Wind and solar energy play a leading role in the transformation of the global electricity sector . In the 2019 Global Energy Transformation Report, IRENA provides possible scenarios for the development of global energy until 2050 (IRENA, 2024; Barla and Lico, 2022). An analysis of energy scenarios shows that there is a growing consensus regarding the increasing weight of wind power in the energy balance over the coming decades. According to IRENA experts (EPO and IRENA, 2023), onshore and offshore wind generation can provide more than one-third (35%) of the total electricity demand by 2050, which clearly emphasizes the importance of increasing the share of wind electricity generation for the energy system’s decarbonization. The wind energy industry added 93 GW of capacity in 2021, hence, is the second highest energy-producing industry since 2020 (IRENA, 2024; Musial, Walter, et al., 2023). Offshore wind turbines operate in harsh environmental conditions. Constant exposure to salty sea air, high humidity, wind, and waves significantly increases the risk of corrosion, threatening their working life and functionality. Corrosion is not just a cosmetic issue; it directly reduces the structural integrity of the wind power facilities and can lead to premature decommissioning. The consequences go beyond technical aspects, causing significant financial losses due to unexpected repairs and costly downtimes. Therefore, an important task is to optimize existing methods and develop new approaches for corrosion protection.
2 LITERATURE REVIEW
Renewable energy technologies are now widely deployed worldwide, including Europe, China (Wei et al., 2020; Zhang et al., 2020), and the United States (Jacobsson, S., and Lauber, V., 2006; U.S. Department of Energy, 2024). Most of the wind energy is used by onshore wind farms despite regular local opposition due to visual and sound impacts. However, the wind conditions on the sea are better, resulting in significantly higher energy output (Walford, 2006; Haagensen and Maddox, 2013), hence the offshore wind industry is exponentially growing. In Europe, the offshore wind energy capacity is expected to reach 64.8 GW by 2030 (Musial et al., 2023). At the current moment (first half of 2023) only 23 GW has been reached. Most of the existing offshore wind turbines installed in water depths less than 50 m use monopile foundations (Von Meier, 2014). In areas of problematic soil conditions framed structures such as jackets are used, which have lighter weight and provide a higher stiffness compared to monopiles. Deep waters require floating wind turbines. Hence, the selection of foundation and support of the wind tower is affected by the aim of the offshore wind industry to reduce the levelized cost of energy (LCOE) (Musial et al., 2023). However, designing these structures effectively is resource-intensive, especially when designing to withstand the wide set of dynamic loading mechanisms (Shittu et al., 2020). Thus, research is still required to improve the design and analysis of monopile, jacket foundation-supported or floating structures, with due consideration of the manufacturing optimization requirement (Klijnstra et al., 2017;  Momber, 2011).
Corrosion presents a significant risk to both onshore and offshore wind energy infrastructure, leading to financial losses, safety hazards, and reduced operational efficiency. Preventing corrosion is essential for enhancing the durability and reliability of wind energy systems (Sutherland, 2018; Brijder et al., 2022). Onshore wind farms are particularly vulnerable to corrosion due to environmental factors such as moisture, salt, and pollutants (Smith, 2021; Sharma et al., 2021). This degradation can impact critical metal components, including turbine towers, blades, and support structures, in both onshore and offshore installations. Corrosion leads to stress concentration and accelerates crack propagation, which can result in structural degradation and catastrophic failures (Abbas and Shafiee, 2020;). Welded joints in onshore wind turbine towers and support structures are especially susceptible due to their complex geometry and exposure to moisture. Failing to assess and mitigate corrosion risks properly can create hazardous conditions for personnel and significantly shorten the service life of the facility.
2.1 Defects in welded joints
In the process of forming a welded joint, various defects may occur, mainly notches. A notch is a change in the cross-sectional area of a component. It can occur due to drill holes, grooves, or variations in the cross-section. Notches cause uneven stress distribution, resulting in stress peaks, commonly called the notch effect. The notch effect can reduce the loading capacity of the component, making it an essential parameter when calculating the mechanical strength of constructions or components (Smith, 2021). It is particularly visible when the component is subjected to tensile, compressive, bending, shearing, or torsional stress. The notch effect, or the stress peaks, can lead to early failure, and therefore, it is typically considered a negative impact. One solution to this problem is to design the component larger to avoid the notch effect (Lazzarin et al., 2003). Common post-weld treatments aimed at enhancing fatigue strength encompass both mechanical and thermal processes. Mechanical treatments include high-frequency impact treatment (Schubnell et al., 2020), shot peening (Unal, 2016), and burr grinding (Tai and Miki, 2012), among others. High-frequency impact treatment and shot peening induce compressive stresses within the weld transition zone, whereas burr grinding enlarges the radius of the transition zone, thus mitigating the criticality of geometrical notches (Schubnell et al., 2020; Tai and Miki, 2012). An instance of thermal post-weld treatment is the TIG post-weld treatment, which reduces the radius of the weld transition zone and promotes a more uniform distribution of hardness in the heat-affected zone (Schmitt-Thomas et al., 1984). Additionally, surface treatment methods to combat fatigue cracking in welded joints involve the use of composites (Haagensen and Maddox, 2013; Maruschak et al., 2020). Nano multilayer coatings have emerged as a post-weld treatment strategy to enhance fatigue resistance (Brunow et al., 2022; Brunow et al., 2023).
Corrosion of the weld joints of offshore wind turbines may deteriorate their structural components, which in turn can cause stability problems and require additional maintenance (Bordbar et al., 2013; Shao et al., 2025). Corrosion-induced degradation of welded joints can intensify fatigue and crack propagation, thus significantly decreasing the service life of offshore wind structures. The issue of corrosion on electrolytic refining welding joints of offshore wind energy installations can be resolved through the implementation of specific corrosion protection measures (Garcia, 2008; Li et al., 2023; Momber and Marquardt, 2018). Various post-weld treatment methods are used to increase the corrosion resistance of welded joints. Post-weld heat treatment (PWHT) enhances the corrosion resistance of welded joints by relieving residual stresses and reducing susceptibility to stress corrosion cracking. Processes such as stress relieving, quenching and annealing improve the microstructure, minimizing defects that can accelerate corrosion. In addition, passivation or post-weld surface treatments such as pickling or electropolishing remove contaminants and restore the protective oxide layer, further enhancing resistance in harsh environments.
2.2 Nanolaminate coatings as post-weld treatment
Metal nanolaminates have emerged as a promising method of post-weld surface treatment to improve the fatigue strength of welded joints. Consisting of alternating layers of different metallic materials, typically in the nanometer range, these nanolaminates offer advantages such as increased resistance to fatigue cracking and improved mechanical properties (Brunow et al., 2022; Brunow et al., 2023).
These coatings, applied as thin films, target critical areas of the joint without altering its stiffness. They affect the adjacent base material by preventing the formation of extrusions and intrusions, reducing surface roughness, and mechanically counteracting both crack initiation and propagation in the weld transition zones. Notch effects in welds are caused by several factors, including geometric irregularities, surface condition, cut indentations, slag inclusions, structural changes in the heat affected zone, and imperfections in the weld metal or base metal (Salam Hamdy, 2010; Pruna, 2019; Yeganeh et al., 2020). Research on metal nanolaminates for post-weld treatment focuses on their fabrication methods, mechanical properties, and their effects on the fatigue behavior, microstructure, and interfacial properties of welded joints. Metal nanolaminates show promise for improving welded joints’ fatigue strength and mechanical properties (Bhandari et al., 2015; Abdeen et al., 2019; Liao et al., 2021; Muresan, 2023; Brunow et al., 2023).
Existing publications extensively describe the corrosion properties of protective coatings based on nickel-copper alloys (Koivuluoto et al., 2014; Abdeen et al., 2019; Zou et al., 2023), as well as the use of copper or nickel-based coatings (Torabinejad et al., 2017; Raghavendra et al., 2021). Other publications describe the behavior of complex multicomponent nanocoatings based on a combination of nickel and SIC, Fe2O3, and other inorganic or organic components (Raghavendra et al., 2018; Pruna, 2019; Li et al., 2021; Arya et al., 2023).
The corrosion properties of metal coatings based on nickel and copper layers are partially described by Song et al., 2021; Do et al., 2019; Deo et al., 2020. These works, mainly study the influence of various technological parameters on the structure of the resulting nanocoatings, and information on corrosion properties is given briefly. At present, we have not found any publications with the results of a systematic study of the effect of metal nanocoatings based on nickel and copper layers on the corrosion behavior of the base metal and welded joints of metal structures.
However, when applying metal multilayer nanolaminate coatings, the formation of galvanic coupling at the nanolaminate-welded joint interface must be considered. Under the conditions of a damaged protective coating, there is an increased risk of corrosion processes and their localization along the boundary (Saji and Cook, 2012; Adedipe et al., 2016). To minimize the risk of corrosion, it is necessary to study in detail the effect of nanolaminates on the corrosion behavior of welded joints (Melchers, 2018; Chen et al., 2020).
The objective of this work is to experimentally investigate the effect of metal nanocoatings based on nickel and copper layers on the corrosion resistance of welded joints of wind power facilities in marine environment using electrochemical methods.
3 MATERIALS AND METHODS
Corrosion studies were conducted on welded joints made of S355J2 steel (Table 1) commonly used material in the construction of metal structures, including wind power plants (Igwemezie et al., 2019; De Lima et al., 2024).
TABLE 1 | Chemical composition of the S355J2 steel.
[image: Table 1]To conduct the study, it is proposed to use specimens with working surfaces of the following types:
• Control specimens - parallelepiped specimens without nanolaminate coating with a welded joint in the center of the specimen. The test results of such specimens will be the basis for comparative analysis to determine the effect of nanolaminates on the corrosion resistance of wind turbine materials.
• Fully coated with a metal nanolaminate coating with an outer layer of nickel or copper (BM-Ni and BM-Ni-Cu). The study of the corrosion behavior of such samples will provide information on the corrosion resistance of the nanolaminate coating (Figure 1).
• Partially coated with a nanolaminate coating with an outer layer of nickel or copper (Bound-Ni and Bound-Cu). The study of the corrosion behavior of such samples will make it possible to determine the degree of intensification of the corrosion processes due to the formation of a galvanic pair “base metal - nanolaminate” (Figure 1).
[image: Figure 1]FIGURE 1 | Positioning the working electrode area on the different types of specimens (a) and general view of clamp on cell (b).
A single-bath electroplating process using a pulsed DC method was employed to coat the sample with a Cu/Ni nanolaminate (Brunow et al., 2022). The electrolyte used was a Cu/Ni citrate bath (Bonhote and Landolt, 1997), with an average current density of 0.4 mA/cm2 for Cu deposition and 50 mA/cm2 for Ni deposition. The pulse duration for Ni and Cu deposition was 5 s and 320 s, respectively, with a 1-s pause between current pulses. The deposited coating had a total thickness of approximately 7.5 μm and consisted of a 1-μm-thick Ni base layer and 160 Cu/Ni layers with thicknesses of 39 nm and 47 nm, respectively. The thickness of the individual layers was measured by elemental mapping using Cu-K and Ni-K X-rays (8.04 and 7.47 keV). The use of a nickel base layer was found to be important for two reasons. The insufficiency of adhesion between copper and steel was resolved by using a nickel base layer for the joint. Additionally, the electrodeposition of nickel had a leveling effect on the surface roughness, as reported by Brunow et al. (2022).
3.1 Electrochemical tests technique
For electrochemical testing three tests were used:
• Open Circuit Potential (OCP) Test. This test provides information about the tendency of the material to corrode or remain passive. This test also shows when the system reaches a stable state, which is a prerequisite for the correct conduct of further electrochemical tests.
• Potentiodynamic Polarization Test. This is one of the most common tests for determining information about corrosion rate, evaluation of passivity and corrosion mechanism investigations;
• Electrochemical Impedance Spectroscopy. This test allows to calculate polarization resistance and obtain valuable information about corrosion products layers as well as about protective coatings.
The analysis of the test results will allow us to better understand the nature of corrosion processes, and the electrochemical parameters obtained will be used as input data for numerical modelling.
The electrodes had a working surface area of 0.2 and 0.5 cm2, and the scan rate was 0.25 and 0.166 mV/s for tests in 3.5% NaCl solution and tap water, respectively. During the NaCl experiments, the effect of scan rate was observed. Therefore, to ensure that the influence of the scan rate was eliminated in the next experiment, it was reduced from 0.25 mV/s to 0.1666 mV/s. The frequency range for EIS tests in the 3.5% NaCl was 19,900–2∙10–3 Hz; in the tap water EIS frequency range was 19,900–10–3 Hz. An Ag/AgCl electrode was used as a reference electrode, and electrochemical studies were performed using a Gamry Interface 1010B potentiostat. Before the electrochemical studies, the working surface was cleaned with acetone. The electrode’s working surface was located at the boundary between the nanolamination and the base metal (BM) for partially laminated samples. The working surface area was divided into two sections: one laminated and the other left unlaminated. Two techniques were used for building work electrochemical cells: isolation of specimen surface by nail polish layer and using a clamp-on electrochemical cell (Figure 1b).
When isolating the specimen surface with a nail polish layer, there are benefits such as the freedom to choose any shape for the working electrode and easily create a model of defect groups to simulate their interaction. However, it also comes with drawbacks including a long preparation time (6–12 h), the risk of crevice corrosion after 5–6 h in solution, and the need for a new coating for each test. Constructing a clamp-on electrochemical cell offers advantages like reusability, quick installation time (5–10 min), and no requirement to isolate all specimen surfaces or risk crevice corrosion. For modeling corrosion coating defects of different sizes, it is proposed to use cells with a working zone diameter of 3; 5; and 8 mm. Nonetheless, there are disadvantages such as consistently having a similar area and form for the working electrode, needing to build a new cell to change these parameters, potential aeration problems (especially for defects less than 3 mm), and difficulty in installation on the back side of samples with less than 6–7 mm thickness.
To obtain electrochemical parameters such as corrosion current icor, cathode and anode slopes (bc and ba) Tafel Extrapolation tool in Originlab Origin was used. Each electrochemical test was repeated three times. The standard deviation (SD) of parameters, calculated based on the potentiodynamic tests ranged from 5% to 8%. For the clamp-on cell, each test was performed with a fresh working electrode area. Isolation of the specimen’s surface with nail polish was used only to perform OCP tests. All other electrochemical tests were conducted using a clamp-on electrochemical cell.
4 RESULTS AND DISCUSSION
4.1 The results of the OCP tests
When analyzing the kinetics of electrode potential in a 3.5% NaCl solution, it becomes evident that stability is reached after approximately 4 hours, as shown in Figure 1a. To better understand the imperfections in the nanolayers and the interaction between nickel and copper layers, the electrode potential kinetics of a copper wire were also studied. The open circuit potential (OCP) of a nanolaminate with a copper outer layer and that of a stranded copper wire differed significantly by 0.291 V. This difference indicates that microdefects and pores in the outer copper layer allow interaction with the underlying nickel layer, influencing the electrochemical behavior of the material (Figure 2).
[image: Figure 2]FIGURE 2 | OCP kinetics in tap water (a) and 3.5% NaCl (b): BM-base metal, WM – welded metal, BM-Ni – specimen with nickel lamination, BM-Ni-Cu – specimen with Ni-Cu lamination, outer layer – Cu.
The lowest electrode potential was recorded for the weld metal, which contradicts expectations based on literature data suggesting that the heat-affected zone (HAZ) would exhibit the lowest potential. At the start of the experiment, the OCP of HAZ was 0.027 V lower than that of the base metal (BM), but by the end, it had increased to 0.033 V higher. The weld metal, however, consistently showed the lowest OCP values, measuring 0.037 V lower than BM and 0.070 V lower than HAZ at the end of the experiment. Such variations indicate a potential risk of galvanic corrosion, especially in cases where defects exist in the corrosion-protective coating.
OCP measurements were also conducted in tap water for control samples (BM and WM) and nanolaminated specimens, as shown in Figure 1b. The highest OCP values were recorded for BM-Ni-Cu nanolaminates, which was expected given the presence of a copper outer layer. However, repeated tests revealed that in some areas, significantly lower OCP values were recorded, with potential kinetics resembling those of BM-Ni samples. This suggests the presence of through-defects in the copper nanolayer, allowing direct electrochemical interaction with the underlying nickel. Such an assumption explains the observed variations in OCP kinetics.
For the welded joint in tap water, the kinetics of the electrode potential of the base metal and weld metal were nearly identical, with a constant potential difference throughout the experiment. A comparison of electrode potential kinetics in 3.5% NaCl solution and tap water shows that, for all specimens, OCP values in tap water were consistently higher than those in the NaCl solution. This difference was particularly pronounced for nanolaminated samples. In the NaCl medium, chloride ions likely penetrate through defects in the copper nanolayer, facilitating electrochemical interaction with the nickel layer. In contrast, such aggressive penetration does not occur in tap water, which results in OCP values and kinetics similar to those of copper wire in 3.5% NaCl solution. This hypothesis is further supported by the observed potential difference of approximately 0.1 V, which aligns with general electrochemical behavior trends for similar materials. The OCP test results are consistent with existing literature, particularly findings reported by (Matsukawa et al. 2010; Borko et al., 2019), further validating these conclusions.
4.2 Results of the potentiodynamic tests of the non-laminated (control) specimens
Potentiodynamic tests of samples with nanolaminate coatings of control samples, made from steel S355J2 (BM and WM) were performed. For base metal and welded joint, with the same exposure time, almost equal Ecor and icor values of the same level were recorded (Figure 3). Comparing the Ecor and icor values for the BM samples, the Ecor increased and the icor decreased slightly at an exposure time of 24 and 72 h (Figure 3). After an exposure time of 54 h icorr is slightly lower than after 24 h. And after 72 h icor has the lowest value. However, for all exposure times, icorr values are very close (Table 2).
[image: Figure 3]FIGURE 3 | Potentiodynamic kinetics of BM (a) and WM (b) after different exposure times in tap water (a, b) and in 3.5% NaCl (b, c) (back and orange line – one specimen, red and blue line – another specimen).
TABLE 2 | Electrochemical characteristics for BM and WM in tap water after different exposure time.
[image: Table 2]For specimens with WM working surface potentiodynamic kinetics is quite similar to BM specimens. The corrosion potential shift between 24 h and 48 h of exposure for WM is 0.04 V, at the same time for BM it is only 0.018 V.
For WM specimens in the tap water there are no bends on the anodic branch for all exposure times (Figure 3b); instead, in 3.5% NaCl bends are observed (Figure 3c). Possible reason for the observed bends–corrosion product layer formation. But after 3 h of exposure in NaCl solution kinetics changes to monotonic (without bends) and corrosion current is up to 10 times higher. On the cathodic branch bends points are observed only for the specimen with the lowest exposure time (4 h).
Comparing the values of the corrosion current (icor) in tap water and a 3.5% NaCl solution reveals higher values in the latter. It was expected, due to the high corrosion activity of chlorides and the more than 100 times higher electrical conductivity of 3.5% NaCl solution. But values of corrosion potential shows, that in tap water its values are lower or equal to values in the 3.5% NaCl solution (Supplementary Table S3).
The potential is an integral characteristic, and lower potential shows a higher activity of metals and alloys and a higher risk of corrosion.
4.3 Results of the potentiodynamic tests of nanolaminated specimens
At the next experimental step, potentiodynamic tests of nanolaminated specimens were performed. For BM-Ni laminated specimens corrosion potential after 3 h of immersion, was about 0.05 V higher in tap water than in 3.5% NaCl solution (Figure 4). The difference in corrosion current values between the immersion time of 3 and 24 h is quite low, but a decrease in corrosion potential signals the development of the corrosion process. Comparing corrosion potentials in the same corrosive media, in tap water, the difference between Ecor for 4 h and 24 h of immersion was about 0.1 V, in the 3.5% NaCl solution same difference is after 220 and 300 min of immersion.
[image: Figure 4]FIGURE 4 | Potentiodynamic kinetics of specimens with BM-Ni (a, b, d) and BM-Ni-Cu (c, d) lamination in tap water (a, c) and 3.5% NaCl (b, d) after different exposure time.
Corrosion currents for BM-Ni laminated specimens in tap water are two times lower than in 3.5% NaCl solution (Figure 4; Table 3). No bends corresponding to the formation of corrosion products were recorded on the cathode branch in tap water, while in NaCl solution, insignificant bends were recorded for the sample after 220 min of immersion (Poberezhnyi et al., 2024). The results obtained are in good agreement with the data in the paper (Alves and Heubner, 2016).
TABLE 3 | Electrochemical characteristics for BM-Ni lamination after different exposure time.
[image: Table 3]Potentiodynamic tests of BM-Ni-Cu laminated specimens (Figure 4c) in tap water show the same electrochemical behavior for all exposures. During experiments, one specimen shows an unexpected shift of corrosion potential (curve 24 h-1), which can be explained by defects in nanolaminate coatings. After 72 h in tap water corrosion potential is about 0.1 V lower (Tables 4, 5).
TABLE 4 | Electrochemical characteristics for BM-Ni-Cu lamination in tap water and 3.5% NaCl solution after different exposure time (from potentiodynamic data).
[image: Table 4]TABLE 5 | Electrochemical characteristics for BM-Ni and BM-Ni-Cu boundary in tap water after different exposure time (from potentiodynamic data).
[image: Table 5]Potentiodynamic curves of BM-Ni and BM-Ni-Cu samples in 3.5% NaCl solution show some differences (Figure 4). On the anodic branch obtained for BM-Ni-Cu samples, bends corresponding to the formation of corrosion products are observed. Initially, they were recorded after 2 h of exposure to a corrosive environment.
During the second test after 5 h of exposure, they became even more pronounced. No bends corresponding to the formation of corrosion products were observed on the anode branch for BM-Ni samples at a similar exposure time. For both types of laminated samples, the corrosion rate increases with increasing exposure time from 2 to 5 h (Poberezhnyi et al., 2024).
Corrosion current values in tap water are lower than in 3.5% NaCl, but they are not significantly influenced by immersion time and are very close, in opposite to corrosion currents in 3.5% NaCl, which grow about 5 times between 2 h and 5 h of immersion (Table 4). Such electrochemical behavior is in good agreement with the existing literature (Feng et al., 1996; Becker, 2002; Pekchonen et al., 2002). Another difference between electrochemical behavior is the absence of bends on the anode branch in tap water, indicating that the formation of a corrosion products layer in tap water is not so intense.
Summarizing the interim conclusions, it can be stated that metal nanolaminate coatings, except BM-Ni-Cu in tap water, showed better corrosion resistance than in 3.5% NaCl solution, which is confirmed by lower corrosion currents. Such unexpected corrosion behavior of BM-Ni-Cu nanocoatings can be explained by the presence of through defects in the outer nanolayer and its interaction with the nickel nanolayer and requires further research. The values of OCP and corrosion potential in tap water are higher than in 3.5% NaCl, which indicates a lower intensity of corrosion development.
4.4 Results of the potentiodynamic tests for specimens with the working area on the boundary “base metal-nanolamination”
Potentiodynamic tests of the partially laminated specimens in tap water were performed with different exposure times (Table 5). This test is very important because metal nanocoatings are planned to be used as a surface treatment to improve fatigue and corrosion resistance characteristics.
For specimens with working surfaces located on the BM-Ni boundary, corrosion potential is stable in the immersion time range of 3–24 h. A comparison of the corrosion potential values in tap water and 3.5% NaCl solution shows a shift towards positive values, which corresponds to existing literature (Matsukawa et al., 2010).
Corrosion potential depends on the immersion time for specimens with working surface located on the BM-Cu boundary. Between 6 h and 24 h immersion time, it shifts toward negative values by 0.05 V, and between 24 h and 48 h of immersion in tap water, it shifts backward by 0.03 V. A possible explanation is corrosion processes development in the first 24 h and working surface passivation by corrosion products in the next 24 h. Another explanation–is the different surface defects on the working surface during the measurements. Corrosion current values increase with immersion time, so both explanations of corrosion potential differences are possible. The obtained results correspond to the literature (Feng et al., 1996; Becker, 2002; Pehkonen et al., 2002).
Results of potential-dynamic tests of partially nanolaminated samples with a working surface containing a “base metal-nanolayer boundary” (Supplementary Table S9) show a shift of the corrosion potential to more negative values than fully laminated specimens. This is because half of the working surface is a base metal surface with more negative potential than the laminated area. After 20 h of exposure in 3.5% NaCl corrosion rate for Ni-Cu laminated specimen is about 50% higher than for Ni-laminated, due to the greater potential difference between base metal and copper nanolayer (Poberezhnyi et al., 2024). In the future, it would be interesting to investigate the corrosion behavior at the metal-nanocoating interface at a longer exposure to a corrosive environment, as well as in the presence of cathodic protection. The results of potentiodynamic tests of samples with a working area located at the BM-nanolaminate boundary in tap water indicate high risks of galvanic corrosion in the presence of defects/imperfections in the corrosion-protective coating in the welded joint area.
Thus, electrochemical tests of the base metal and welded joints of the material of wind turbine towers were carried out. It is shown that nanolaminate coatings increase the corrosion resistance of welded joints of wind power plants. Based on the results of potentiodynamic tests, corrosion currents and corrosion rates were calculated for the base metal, welded joint, and the studied nanolaminates in 3.5% NaCl (simulated seawater) and tap water. Nanolaminate metal coatings have demonstrated good corrosion resistance, and their use to improve the operating characteristics of welded joints is promising. Electrochemical studies showed that the weakness of such coatings is the increased risk of localized corrosion along the “BM-nanolaminate” boundary.
4.5 Results of the EIS tests for nonlaminated (control) specimens
To investigate the corrosion resistance of welded joints and study the effect of nanolaminates on their characteristics, it is important to investigate the processes of surface passivation and the formation of corrosion product films. For this purpose, a series of EIS tests with different exposure times was performed, which provides additional information on the stability of the corrosion product layer under prolonged environmental exposure and assesses the corrosion resistance of the tested material.
EIS tests of the BM specimens in tap were performed after exposure time 3–72 h (Figure 5a). After 3 h of exposure, the system is almost stable, the Rp value slightly depends on the immersion time, but after 72 h electrolyte resistance (Rs) was 2 times lower than after 24 h (Supplementary Table S10).
[image: Figure 5]FIGURE 5 | EIS results for BM in tap water (a) and in 3.5% NaCl solution (b) after different exposure times.
The results of the EIS test in 3.5% NaCl solution show that the Rp value is approximately 30% lower than in tap water (Figure 10b). This indicates that the corrosion resistance of the base metal in 3.5% NaCl solution is reduced compared to tap water, which is in good agreement with the results of the potentiodynamic tests (Supplementary Table S10).
EIS test of WM in tap water showed, that after 3 h of exposure system was unstable, but the repeat test showed a more stable system (Figure 6; Supplementary Table S11). Also, in the repeat test electrolyte resistance Rs was about 25%–30% higher. Comparison results in tap water and 3.5% NaCl solution shows that in 3.5% NaCl system access stability after 3 h of exposure and after 18 h of exposure its parameters are still the same (Figure 6c). Polarization resistance Rp in tap water is about 50% higher, which shows better corrosion resistance of the WM (Supplementary Table S11).
[image: Figure 6]FIGURE 6 | EIS results for WM in tap water after different exposure times: first experiment (a) and second experiment (b) and in 3.5% NaCl solution (c).
4.6 Results of the EIS tests for nanolaminated specimens
Results of the EIS test of nanolaminated specimens in tap water show significantly higher than in 3.5% NaCl solution Rp values. For BM-Ni specimens after 3 h of exposure, it is about 3 times higher, after 24 h–about 10 times higher (Figure 7; Supplementary Table S12). Such results approve higher corrosion resistance of BM-Ni specimens in tap water.
[image: Figure 7]FIGURE 7 | EIS results for specimens with BM-Ni lamination in tap water after exposure of 3 h (a, b) and 24 h (b).
For BM-Ni-Cu laminated specimens results of the EIS tests in tap water were a bit controversial. During the first experiment, two types of results (Figures 8a, b) were observed. “Normal” behavior in EIS test (Figure 8a) is in good agreement with the existing literature (Feng et al., 1996), “abnormal” behavior when Rp was about 10 times higher with the same experimental procedure and initial conditions. Such extremely high Rp values correspond to very high corrosion resistance (Supplementary Table S13). However the potentiodynamic tests did not show big differences in corrosion currents.
[image: Figure 8]FIGURE 8 | EIS results for specimens with BM-Ni-Cu lamination in tap water after different exposure times [normal (a), abnormal (b), second experiment (c)] and 3.5 NaCl solution (d) after 20 h of exposure.
During the second EIS experiment obtained data again showed “abnormal” behavior of BM-Ni-Cu nanolaminated specimens. This behavior may be attributed to the presence of through-thickness defects in the outer layer of the nanolaminate.
For better understanding and explanation of these results need to perform a third round of tests. Comparison of EIS results for “normal” BM-Ni-Cu laminated specimens in tap water and 3.5% NaCl solution shows significant (about 8 times) growth of Rp, and respectively, corrosion resistance (Figure 8).
4.7 Results of the EIS tests for specimens with working area on the boundary “base metal-nanolamination”
EIS test results show very close Rp values for both types of specimens (Figure 9; Supplementary Table S14). In the tap water, Rp are in the range of 3–4 kOhm; for 3.5% NaCl solution – 1.3–1.6 kOhm. This means that corrosion resistance in tap water is about 2.5 times higher. On the other hand, the results show that the type of lamination does not significantly affect the corrosion characteristics near the BM-nanolaminate boundary.
[image: Figure 9]FIGURE 9 | EIS results in tap water (a, b) and in 3.5% NaCl solution (c) for specimens with the working surface on the “BM-Ni” boundary (a, c) and “BM-Ni-Cu” boundary (b, c) after different exposure times.
Testing of the control samples showed that the polarization resistance of the base metal remained virtually unchanged for the first 24 h, and after 72 h it increased by up to 30%. For the weld metal, the situation is reversed: after 24 h of exposure, the polarization resistance decreases, which indicates an increased risk of corrosion and is in good agreement with the results of other tests.
The test results of the nanolaminated samples showed an increase in polarization resistance with increasing exposure time, which confirms their high corrosion resistance. The increase in polarization resistance for BM-Ni samples is up to 42 times, for BM-Ni-Cu samples - from 1.3 to 7 times. At the same time, the polarization resistance of BM-Ni-Cu after 4 h of exposure is 15 times higher than that of BM-Ni, and after 24 h of exposure it is 3 times higher. It should be noted separately the presence of “defective” BM-Ni-Cu samples, the polarization resistance of which after 24 h of exposure is 2 times lower than that of BM-Ni.
The corrosion of welded joints with multilayer metal nanocoatings in tap water and 3.5% NaCl was studied, and the polarization resistance of structural parts of the welded joint and samples with BM-Ni and BM-Ni-Cu nanolaminate coatings were calculated. The obtained results make it possible to assess the corrosion resistance of welded joints of the material of wind turbine towers. It is shown that nanolaminate coatings demonstrate increased corrosion resistance in both environments, which corresponds well to the previously obtained data from potentiodynamic tests. The nanolaminate coatings showed the best results in the tap water environment, where the polarization resistance values for the nanolaminated surface are often ten times higher than those for the base metal and welded joint.
4.8 Corroded surface examination with a microscope
Upon examination of the samples in the base metal zone following exposure to tap water for 24 h, it becomes evident that corrosion is relatively uniform in distribution. However, localized corrosion processes are observed to occur near the distribution surface. Additionally, damage localization is also present inside the working surface, albeit to a much lesser extent. A comparison of the appearance of the corroded surfaces after 24 h of exposure to a 3.5% NaCl solution and tap water is presented below. In the latter case, we observe a much smaller number of localized corrosion damages. This is likely due to the absence of chloride ions in tap water, which are known to cause the destruction of passive films and activate the occurrence and development of localized corrosion damage. Furthermore, the total amount of surface damage is also significantly lower in tap water (Figure 10).
[image: Figure 10]FIGURE 10 | Corroded surface of control and nanolaminaned specimens in tap water and 3.5% NaCl solution.
Significant corrosion damage was observed on the surface of the welded joint samples after aging in both corrosive environments. In the tap water environment, a significant localization of corrosion processes can be noted both near the «corroded-uncorroded surface » boundary and inside the working area. In both cases, localized corrosion damages have a rounded shape, but on the surface of the working part, the number of corrosion damages is greater, and their size is smaller. This is visible when comparing the images of the surface at different magnifications. Also, along the corroded surface-uncorroded surface interface, we recorded the development of elongated ulcer corrosion defects. This behavior indicates an increased risk of localized corrosion in the areas of protective coating defects along the «defect-original coating » boundary.
A significant localization of corrosion processes is also observed on the surface of the samples after exposure to 3.5% NaCl solution, but the nature of the corrosion damages is somewhat different. Pitting corrosion along the «corroded-metal-uncorroded metal interface» is practically not observed. Inside the working area, as in the case of corrosion in the tap water environment, there is a significant number of localized corrosion damages. However, their shape is not round, but more elongated and they are collected in agglomerations of 5 … 20 defects. It is also necessary to note their greater depth compared to defects in tap water. These features of welded joint corrosion indicate the risk of deep corrosion defects that can become crack nucleation points.
Examination of the corroded surface of the samples with nickel nanolaminate coating (BM-Ni) after exposure to tap water showed the presence of a significant number of small, localized corrosion damages. Such damage develops mainly in places of point defects in the nanolaminate coating. At the bottom of local defects, a network of microcracks was recorded, indicating a high risk of their further growth in depth. During long-term operation, localized damage may develop and transform into penetrating damage for two layers of the nanolaminate. Penetrating damage to the outer layer of the nanolaminate was recorded, which explains the shift of the OCP under prolonged exposure to tap water. The photo also shows that local crack-like defects have formed and are developing at the bottom of the defect, on the surface of the next nanolayer.
Examination of the corroded surface in 3.5% NaCl after potentiodynamic tests showed a significant number of localized corrosion defects of rounded shape on the laminated part of the sample. On the base metal side, the corrosion is more uniform. In general, the BM-Ni nanolaminate coating demonstrates good corrosion resistance in tap water and an average resistance in 3.5% NaCl, which is confirmed by the results of EIS and potentiodynamic tests and can be used to improve the performance of welded joints of metal structures, provided that the integrity of the anti-corrosion coating is maintained.
Examination of the corroded surface of the samples with nickel nanolaminate coating (BM-Ni) after exposure to tap water showed the presence of a significant number of small, localized corrosion damages. Such damage develops mainly in places of point defects in the nanolaminate coating. At the bottom of local defects, a network of microcracks was recorded, indicating a high risk of their further growth in depth. During long-term operation, localized damage may develop and transform into penetrating damage for two layers of the nanolaminate. Penetrating damage to the outer layer of the nanolaminate was recorded, which explains the shift of the OCP under prolonged exposure to tap water. The photo also shows that local crack-like defects have formed and are developing at the bottom of the defect, on the surface of the next nanolayer. Examination of the corroded surface in 3.5% NaCl after potentiodynamic tests showed a significant number of localized corrosion defects of rounded shape on the laminated part of the sample. On the base metal side, the corrosion is more uniform. In general, the BM-Ni nanolaminate coating demonstrates good corrosion resistance in tap water and an average resistance in 3.5% NaCl, which is confirmed by the results of EIS and potentiodynamic tests and can be used to improve the performance of welded joints of metal structures, provided that the integrity of the anti-corrosion coating is maintained.
The examination of the working surface of the BM-Ni-Cu sample showed that the general corrosion is very insignificant. The copper surface is quite corrosion-resistant in the tap water environment, which is confirmed by data from potentiodynamic tests and EIS measurements. Local defects, some of which are penetrating, are also observed on the surface of the copper layer of the nanolaminate. This explains the shift in the electrode potential of the BM-Ni-Cu in the direction of the OCP values for BM-Ni. The overall surface defectiveness is lower than that of BM-Ni specimens, and the size of the defects is also 1.5 … 2 times smaller. In a 3.5% NaCl solution, the BM-Ni-Cu laminated sample, like the BM-Ni laminated sample, corroded after 24 h in the air at the “base metal - nanolamination” interface. There is predominantly uniform corrosion in the working area, along with a few pitting defects that are also present.
The examination of the corroded surface on the boundary “BM-nanolaminate” after 24 h in tap water shows expected galvanic corrosion development. It is not as intense as in 3.5% NaCl solution but still valuable. Local corrosion defects concentration over the working surface in tap water is also lower. These results together with potentiodynamic and EIS test results confirm better corrosion resistance of nanolaminates in the tap water. However, the increased risk of corrosion in case of protective paint defects/imperfections is still present.
5 CONCLUSION
The key findings of this study, along with their broader implications, are summarized as follows:
1. The effect of metallic multilayer nanocoatings composed of nickel and copper layers on the corrosion resistance of welded joints in wind power plants was investigated using electrochemical methods. The study was conducted in tap water and a 3.5% NaCl solution.
2. Specimens with working surface located on the boundary BM-Ni and BM-Ni-Cu lamination affected by galvanic corrosion, but its intensity in tap water is less than in 3.5% NaCl solution, as confirmed by the results of electrochemical tests and visual survey of the corroded surface.
3. The BM-Ni-Cu samples recorded a significant potential difference, which may indicate the presence of an electrochemical interaction between the nanolaminate layers. This type of specimen also displayed abnormal behavior during EIS tests. It will be interesting to study this anomalous behavior in the next stages of research to find an explanation.
4. Localized corrosion defects develop in the areas of existing surface defects of the nanolaminate, some of which become through the first layer of the nanolaminate. At the bottom of the corrosion defects, optical microscopy revealed damage to the second layer of the nanolaminate. During long-term operation, this can lead to defects that pass through the nanolaminate up to the metal of the welded joint. In the future, it is necessary to theoretically and experimentally study the effect of nanolaminate layer thickness on the concentration of surface defects and corrosion resistance of the wholecoating.
5. Inspection of the surface of the laminated samples shows defects that are possible points of corrosion initiation. This is also a possible explanation for the difference in potential values due to the probability of contact of the corrosive medium with the metal under the nanolayer.
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