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Abstract

:

The robustness of the cathodic protection systems utilized for offshore wind monopile foundations depends on the surface condition of the steel as well as the environmental conditions. This study investigated how preexisting biofouling and corrosion products on vertical uncoated steel surfaces extending from the intertidal zone to the buried zone affected the cathodic protection requirements when impressed current cathodic protection (ICCP) was applied under tidal conditions. The comparative results between initially clean and previously fouled and corroded panel sets showed that the fouling and corrosion products increased both the initial and mean current densities. They also altered the composition, slowed the formation, and reduced the protective properties of cathodic chalks during nine weeks of deployment in seawater at Port Canaveral, Florida.
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1. Introduction


Corrosion is one of the major factors that determine the service life of offshore wind foundations in the marine environment. Monopiles, large-diameter cylinder steel structures, are the preferred foundations in shallow water depths up to about 40 m. These dominate the existing structures in most lease areas due to costs and simplicity of design and fabrication [1,2]. Corrosion protection methods utilized for monopile foundations include corrosion allowance, coatings, and cathodic protection systems [3]. Coatings are optional for external and internal submerged surfaces [4], and these structures may not receive any cathodic protection for up to 2 years until the transition piece is installed where the sacrificial anodes are located [5]. This practice allows corrosion products to form and fouling organisms to become established on the surfaces before cathodic protection is applied. The ISO 24656:2022—Cathodic Protection of Offshore Wind Structures is the only standard that recommends immediate cathodic protection of offshore monopile foundations. Therefore, this study investigated how fouled and corroded vertical steel surfaces at different zones, including intertidal, submerged, and buried zones alter the cathodic protection design current densities under tidal cycles. The knowledge gained through this experiment may be utilized to advance the robustness and effectiveness of cathodic protection in the marine environment.



The fouling communities in marine environments are comprised of both micro- and macro-organisms. These communities may alter the corrosion dynamics at both the cathodes and anodes. The fouling established on steel surfaces may act as a barrier by limiting oxygen transfer to steel surfaces [6]. This causes the generation of both micro- and macro-galvanic cells due to the heterogeneous distribution of oxygen [6,7,8,9] and alters the conditions in the vicinity by establishing a source or a sink for chemical species [10,11,12,13,14]. The fouling causing localized and pitting corrosion [9,15,16,17] may result in local stress concentrations and reduce the fatigue life of offshore monopile foundations [4,18,19].



The accumulation of fouling on inactive anodes, for example, when they are incorporated with coating systems for corrosion prevention may alter their corrosion prevention properties. Swain et al. [20] reported that the increase in resistance and the reduction in the current output of idle Al-Zn-Hg sacrificial anodes was higher compared to working anodes due to marine growth. Rousseau et al. [21] reported that the fouling settlement reduced the effectiveness of a zinc anode utilized to keep the polarization potentials of a carbon steel structure at −1.0 V (Ag/AgCl). Hence, the anode was cleaned periodically to increase the anode current output. However, Blackwood et al. [22] reported that both Al and Zn anodes utilized to protect 316L SS performed similarly under heavy and light fouling conditions.



The biofouling community and the rust layer established on freely corroding steel surfaces cause ennoblement and influence corrosion rates [8,23,24,25,26,27]. The relationship between the corrosion of steel, cathodic protection and biofouling is shown in Figure 1. Guezennec et al. [11] concluded that the two eubacteria increased the cathodic current demands of X52 carbon steel samples as a result of the modification of calcium and magnesium ion balances on the surface. Eashwar et al. [28] investigated the effect of fouling on CP for mild steel, 304 stainless steel and 3004 aluminum alloy samples. They reported that the macro-fouling on steel surfaces polarized to −1.07 V (SCE) caused approximately 300 mV ennoblement and depolarized to −0.77 V and highlighted that the change in potential due to fouling could affect the CP system design and could cause underprotection. Dexter et al. [10] reported that the UNS G10180 carbon steel samples with biofilms required significantly higher cathodic corrosion currents (4.3–5.0 mA) compared to the clean samples (0.84–0.89 mA). Chen et al. [29] investigated the change in cathodic current densities when X70 carbon steel samples were immersed in a solution with and without biofilms. They concluded that the presence of biofilms decreased the potential of X70 steel and increased the current densities. Permeh et al. [30] concluded that the increased marine fouling on carbon steel surfaces increased the current densities required for cathodic polarization. Liduino et al. [31] reported an increase in cathodic current densities of AISI 1020 steel after samples were immersed in seawater for 28 days. However, the studies did not consider the effects of different corrosion zones and the effect of tides on current densities when fouling and corrosion products are present on steel surfaces.



This study investigated the influence of biofouling and corrosion products on the cathodic current demands of previously fouled and corroded panels in seawater at Port Canaveral, FL. The steel panels were placed at the intertidal, submerged, and buried zones in seawater, thus the influence of semidiurnal tides was also recorded. The continuity between each set of panels was provided by electrical connections. The polarization potentials, current flow between panels, and total current output from each ICCP system were collected and the fouling progression was monitored. The results were compared against a clean set of panels that had not been subjected to corrosion or biofouling.




2. Materials and Methods


2.1. Test Site and Environmental Conditions


The Center’s seawater test site is located at Port Canaveral, FL (28°24′30.93″ N, 80°37′39.31″ W). The data collection was performed for nine weeks from 7 October 2021 to 7 December 2021. The vertical layout of the panels was designed according to water depths and the semidiurnal tides. The predicted water depths at low and high tides were 3.70 m and 5.30 m, respectively (Figure 2) [33]. Temperature and salinity were recorded using YSI 30 conductivity meter and pH was recorded with an Onset HOBO MX2501 datalogger (Figure 3). The major ions in seawater at the test site are shown in Table 1.




2.2. Materials and Experimental Setup


Two sets of A36 low carbon steel panels were used (Table 2). Each set consisted of five 300 mm by 150 mm panels with 3 mm thickness. Both sides of the steel panels were white metal sandblasted according to SSPC-SP 5 (NACE No.1) by removing corrosion products, oxide layers, grease, and oil. The surface roughness of the panels was 25.3 ± 2.2 µm (Mahr, Marsurf PS10, USA). The backs of the panels were coated with one layer of epoxy, a tie coat and a topcoat of Hempel, Hempaguard® X7, Denmark fouling control system to define the area exposed to corrosion and eliminate the weight increase due to biofouling. Two PVC frames were designed and built to allow one panel to be exposed to constant wetting and drying cycles while having a 110 cm distance between panels. Each set of panels was attached to a fixed PVC frame to have one panel (panel 1) in the intertidal zone and three panels (panels 2,3 and 4) in the submerged zone. The last panel (panel 5) was semi buried in the sediment (Figure 4). One set of panels was deployed in seawater at the test site for nine weeks prior to this experiment to allow for corrosion and the recruitment of biofouling (Figure 5).



On each frame, the electrical connection between panels was provided by 12 AWG wires 30 ft long. The current flow between panels was measured by using the channels of an Electrosynthesis, Model 440, USA multichannel potentiostat as zero resistance ammeters (ZRAs). Silver/silver chloride seawater reference electrodes (Ag/AgCl) were used to measure the corrosion potentials of individual panels. The reference cells were placed in perforated PVC housings which were coated with antifouling coating systems and filled with fiberglass wool to prevent influences of fouling during the experiment.



The panels were cathodically protected, using ICCP, to a potential of −1.0 V (Ag/AgCl) measured at panel 2. This followed the DNV-RP-B401 recommended practice to increase the formation of cathodic chalks and reduce the current densities. The cathodic protection current was provided from a Thompson Electrochem, Ministat Precision, UK for the clean panels and a single channel of the Electrosynthesis, Model 440, USA multichannel potentiostat for the corroded and fouled panels. A 25 mm by 150 mm ribbon mesh mixed metal oxide (MMO) anode was used to apply the current to each set of steel panels. The anodes were aligned and placed 1 m away from Panel 2, the top panels in the submerged zone. The total current output from the ICCP systems for each set of panels was measured over a 1-Ohm shunt. The reference electrodes and the 1-Ohm shunts were connected to a Campbell Scientific, CR6 datalogger, USA and a Campbell Scientific, AM16/32B, USA relay multiplexer for data collection. The sampling rate for the data collection was every minute.



The panels were photographed underwater weekly for visual assessment of cathodic chalks, biofouling and corrosion products. The composition of cathodic chalks was analyzed by scanning electron microscopy (JEOL JSM-6380LV) with electron dispersive X-ray spectroscopy (EDAX Octane Elect EDS system with APEX software version 3.1). The samples were prepared with gold sputtering before the analysis. There were no replications for this pilot study in natural seawater due to the scale and the high number of sensors required.





3. Results and Discussion


The results are reported for both initially clean and previously fouled and corroded panels, and include the data from polarization potentials, electric current flows between panels, total current densities of ICCP systems, and the visual assessments of biofouling, corrosion products and cathodic chalks during and at the end of the experiment. The results for the panels on both racks are discussed in comparison to each other.



3.1. Polarization Potentials


The polarization potential selected for both sets of panels was −1.0 V (Ag/AgCl/seawater). Hartt [34] concluded that the cathodic chalks formed between the potentials −0.9 and −1.05 V (Ag/AgCl/seawater) create a less porous structure and help reduce the cathodic protection current densities. The potentials of the panels reached the design cathodic protection potentials approximately a week after immersion (Figure 6). Although the intertidal panels were polarized immediately to −1.0 V (Ag/AgCl/seawater), the polarization of clean panels took a couple of days longer compared to the previously fouled and corroded panels. This was assumed to be due to the reduction of the total surface area by fouling and corrosion products which created a protective barrier [30]. The polarization of the bottom panel on each set was the slowest compared to the other panels due to IR drop [35].




3.2. Cathodic Protection Current Densities


The cathodic protection current densities were normalized by dividing the amount of current impressed from each anode by the corresponding total steel area (m2). The results showed that the current densities required to mitigate corrosion are highly dependent on the intertidal panels for both arrays. This was mainly due to the macro-galvanic cells formed as a result of the high partial pressure of oxygen generated during the semidiurnal tide cycles [7,8]. However, the increase in current densities was higher for the previously fouled and corroded panels when the intertidal panels were exposed to constant wetting and drying cycles [36]. The initial current density was estimated using the guidelines from the DNV recommended practice which states that it is the average current density until it attains a constant value. For the clean panel set was 175.5 mA/m2, whereas it was 517.5 mA/m2 for the previously fouled and corroded panels. This was due to biofouling and corrosion products causing ennoblement of the surface as well as delaying the formation of cathodic chalks that normally reduce the current densities [28,37,38].



The intertidal panels were constantly submerged during super high tides. This caused ICCP currents to converge approximatelyafter two months of immersion. However, the divergence occurred when the intertidal panels started to experience wetting and drying cycles towards the end of the experiment (Figure 7). The mean current densities for the clean and the previously fouled and corroded panel sets were around 67 mA/m2 and 115 mA/m2, respectively.




3.3. Current Flow between Panels


The electric current flows measured over the zero resistance ammeters were used to measure the changes on panels that were constantly submerged and excluded the intertidal panel (panel 1). This demonstrates the differences caused by macro galvanic contributions of the steel in the intertidal zone. The current densities for the clean panels were higher in the beginning than the previously fouled and corroded panels (Figure 8). For example, the total current density after two days of immersion for the initially clean panels 2, 3, 4, and 5 was around 483 mA/m2, whereas it was 361 mA/m2 for the previously fouled and corroded panels. This was due to both micro- and macro-fouling creating a barrier in the vicinity of the surface and blocking oxygen transfer to the surface [6]. Additionally, the corrosion products on the steel surface comprised of magnetite (Fe3O4), α-FeOOH, and β-FeOOH created a barrier with high resistance and reduced the current flow into the panels [39].



The current densities for the submerged clean panels decreased faster than the previously fouled and corroded panels and stabilized almost in five days of immersion (Figure 8). Although the initial current densities for previously fouled and corroded panels were low, it required almost a month for current densities to stabilize. The current densities for the fouled and corroded panels were higher than those measured for the clean panels even after the current densities were stabilized. For example, towards the end of the experiment the current density required for the clean panels was around 53 mA/m2, whereas it was around 83 mA/m2 for the previously fouled and corroded panels. This was due to the formation of cathodic chalks, for example., calcium carbonates (CaCO3) and magnesium hydroxides (Mg(OH)2) on clean panels which created a protective layer and reduced the current densities required to prevent corrosion [16,33]. However, the cathodic chalks formed on the fouled and corroded panels were less protective due to their morphology being disrupted by the biofouling and corrosion products [28,36,37].




3.4. Fouling


The fouling on panels was assessed at the end of the experiment after a light cleaning. The results showed that the density of fouling organisms on an initially clean set of panels was higher than the previously fouled and corroded one, although the latter was immersed in seawater longer [40]. This was due to the stable cathodic chalk formation on the clean panels. The fouling on panel 1 of the initially clean set was less than the rest of the panels on that array since constant wetting and drying cycles reduced the fouling settlement rate [24]. The main macrofoulers on panels were tubeworms and barnacles. Initially clean panels had some encrusting bryozoans and tunicates on constantly submerged panels. The previously fouled panels had some oysters (Figure 9). Scraping off the cathodic chalks and fouling from initially clean panels revealed that chalk formation and the settlement happened at the same time [41] and the areas under the barnacles were covered with dark corrosion products assuming that they were a thin layer of Fe(II)-based corrosion products with magnetite [42] (Figure 10).




3.5. Corrosion, Cathodic Chalks and EDX Analysis


The corrosion and cathodic chalks formed on initially clean and previously fouled and corroded panels showed visual differences. The clean panels showed no signs of corrosion except the intertidal panel since they were completely covered with cathodic chalks. The panels 2, 3, and 4 of the previously fouled and corroded array had bright orange areas after cathodic protection with an ICCP system for nine weeks (Figure 11). The buried areas for both arrays were free of corrosion and covered with a thin layer of chalk.



The products on the bright orange areas on previously fouled and corroded panels were analyzed with EDX to determine their composition. The EDX analyses showed that the cathodic chalks formed at these areas were infused with initially present corrosion products and contained Fe element in addition to Ca and Mg. The sample taken from the buried zone of panel 5 was mainly Ca and Mg [13,27], however there was no Fe present (Figure 12). This may have been due to the iron being held in the black iron oxide films which were not removed during sampling.



The data collected for this study was specific to the environmental conditions at Port Canaveral, FL between 7 October 2021 and 7 December 2021. It was also specific to the condition of previously fouled and corroded panels. The amount of fouling and corrosion products was a result of the deployment in seawater at Port Canaveral, FL for nine weeks between 5 August 2021 and 7 October 2021. The ratio of fouling and corrosion products may alter the results presented in this paper. Therefore, it is recommended to deploy steel panels and perform similar experiments at locations with different environmental conditions.





4. Conclusions


The fouling and corrosion products established on offshore monopile foundations between deployment in marine environments and receiving any protection may alter the design requirements of cathodic protection systems. These systems can be optimized and designed more efficiently by understanding the influence of fouling and corrosion products under dynamic conditions due to tidal cycles.



This study demonstrated that the fouling and corrosion products on vertical uncoated steel surfaces in seawater extending from the intertidal zone to the buried zone increased the cathodic protection current densities. The initial current densities for the clean panels and the previously fouled and corroded panels were 175.5 mA/m2 and 517.5 mA/m2, respectively. The mean current density was 67 mA/m2 for the clean panels and it was 115 mA/m2 for the previously fouled and corroded panels. The current density values became closer during constant immersion due to super high tides. However, wetting and drying cycles towards the end of the experiment caused higher fluctuations of current densities for the previously fouled and corroded panels.



The initial current density for the clean panels (489 mA/m2) below the waterline was higher than the previously fouled and corroded panels (361 mA/m2). However, due to the immediate formation of stable cathodic chalks on the clean panels, the currents decreased faster. The current densities for both arrays became stable during the experiment, and they were lower for the clean panels (53 mA/m2) than the previously fouled and corroded panels (83 mA/m2).



The visual assessments showed no signs of corrosion and a more diverse fouling community on the clean panels with an ICCP system below the waterline. The fouled and corroded panels had areas that were bright orange in the submerged zone. The EDX analysis of the samples from these areas showed that the cathodic chalks included Fe as well as Ca and Mg. This demonstrated that the fouling as well as the corrosion products changed the composition of cathodic chalks.



The fouling and corrosion products on uncoated steel surfaces have been shown to increase the current demand for cathodic protection systems and alter the composition of cathodic chalks while reducing their protection properties. This study highlights the benefits of applying cathodic protection to offshore monopiles immediately after they are deployed in seawater.
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Figure 1. Interaction of biofouling with steel in seawater [32]. 
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Figure 2. Tide cycle during the experiment. 
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Figure 3. Temperature, salinity, and pH. 
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Figure 4. Experimental setup: (1) Steel Panel, (2) ZRA, (3) Datalogger, (4) Ag/AgCl Reference Electrode, (5) PVC Frame, (6) MMO Anode, (7) 1-Ohm Shunt. 
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Figure 5. Clean (top) and previously fouled and corroded (bottom) panels. 
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Figure 6. Polarization potentials: Clean (top) and previously fouled and corroded (bottom). 
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Figure 7. ICCP current density comparison: Clean vs. previously fouled and corroded (top) and tide (bottom). 
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Figure 8. Current densities of constantly submerged panels: Clean (top) and previously fouled and corroded (bottom). 
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Figure 9. Final visual assessment of the initially clean (top) and the previously fouled and corroded (bottom) panels after light cleaning. 






Figure 9. Final visual assessment of the initially clean (top) and the previously fouled and corroded (bottom) panels after light cleaning.



[image: Jmse 10 01670 g009]







[image: Jmse 10 01670 g010 550] 





Figure 10. Condition of the initially clean panel after scraped off. 
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Figure 11. Areas analyzed with EDX. 
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Figure 12. EDX analysis of previously fouled and corroded panels: Panel 2 (top left), Panel 3 (top right), and Panel 5 (bottom left). 
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Table 1. Major ion concentrations in seawater during the experiment.
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	mg/L in Seawater





	Chloride [Cl−]
	19.91 ± 0.37



	Sodium [Na+]
	11.06 ± 0.20



	Sulfate [SO42−]
	2.79 ± 0.05



	Magnesium [Mg2+]
	1.33 ± 0.02



	Calcium [Ca2+]
	0.42 ± 0.01



	Potassium [K+]
	0.40 ± 0.01
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Table 2. Composition of steel panels.
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	wt%





	Carbon [C]
	0.25



	Copper [Cu]
	0.2



	Iron [Fe]
	rem



	Manganese [Mn]
	1.03



	Phosphorus [P]
	0.04



	Silicon [Si]
	0.28



	Sulfur [S]
	0.05
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