

  coatings-10-01219




coatings-10-01219







Coatings 2020, 10(12), 1219; doi:10.3390/coatings10121219




Article



Research on the Metal Corrosion Process in the Sea Mud/Seawater/Atmosphere Interface Zone



Zhiwei Chen 1,2,†[image: Orcid], Wenting Xia 1,2,†, Caiqi Yao 1,2, Zhifeng Lin 1,2, Wei Zhang 1,2,* and Weihua Li 1,2,3





1



School of Chemical Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China






2



Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519082, China






3



Key Laboratory of Marine Environmental Corrosion and Bio-fouling, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China









*



Correspondence: zhangw286@mail.sysu.edu.cn






†



These authors contributed equally to this work.









Received: 19 November 2020 / Accepted: 11 December 2020 / Published: 14 December 2020



Abstract

:

Corrosion in the interface zone is a complicated local corrosion phenomenon. The conventional single-electrode method finds it difficult to obtain the kinetic information of corrosion occurrence and development process. In this paper, metal corrosion was studied by Wire Beam Electrode (WBE) technology on the interfaces of sea mud/seawater and seawater/atmosphere. The study found that the metal corrosion in the interface is a process of coupling a dual corrosion cell into a single corrosion cell. Initially, a corrosion cell is formed with the seawater/atmosphere interface acting as the cathode and the upper part of the metal in the seawater area as the anode. This is due to the oxygen concentration cell caused by the waterline effect. The cathode area is always enriched near the seawater/atmosphere interface. The lower part of the metal in the seawater area and the metal in the sea mud area are the anode and the cathode, respectively, of another corrosion cell. Along with the immersion time, the anodic area of the first corrosion cell gradually extends to the lower part of the metal in the seawater zone and finally the sea mud zone, resulting in the disappearance of the second corrosion cell. In the single corrosion cell stage, the seawater/atmosphere interface is the cathode area; the seawater area and the sea mud area are the anode areas, and the electrode adjacent to the cathode area becomes the anode area with the largest current density. During the whole experiment, the sea mud zone is a process of polarity transition from the cathode zone to the anode zone, and finally forms the anode zone of the whole electrode together with the anode zone in the sea zone.






Keywords:


metal corrosion; sea mud/seawater/atmosphere interface zone; wire beam electrode; oxygen concentration cell; waterline effect












1. Introduction


Corrosion is a naturally occurring phenomenon with costly and harmful effects on critical industry sectors [1,2,3,4,5,6]. Drilling platforms and steel piles exposed to the marine environment are typically located in five zones: the atmospheric zone, splash zone, tidal zone, full immersion zone and marine mud zone [7,8]. The corrosion of these sectors near the two-phase interface is particularly serious, because the environmental factors on both sides of the two-phase interface are very different, resulting in difference in the reaction mechanism and the body system at the two-phase interface.



Many observations and much research has been focused on metal corrosion in each zone or between adjacent zones [9]. Jeffrey used a raft to study the steel corrosion loss profiles adjacent to the water-line (between atmospheric zone and tidal zone) in calm natural seawater [10]. The high corrosion loss some 200 mm below the waterline observed in the experiment was consistent with classical laboratory studies. This indicated that it was the result of an oxygen concentration cell with the well-aerated immediate waterline region becoming cathodic to the less well-aerated immersed parts of the steel strip that became anodic. Hou obtained the corrosion characteristics of steel in the marine environment through an electrical connection test [11]. Zhang found that the galvanic couple effect appeared between the same steel samples in the seawater–sea mud transition region [12].



However, due to the lack of in-situ electrochemical information, it is difficult to obtain accurate information of alternating cathodic–anodic processes and corrosion dynamics via microscopic observations and weight-loss measurement [13]. The Wire Beam Electrode (WBE) is an in-situ electrochemical technique capable of measuring surface potential and current distribution, especially for complex multi-interface corrosion.



Tan used a WBE to study the long-term corrosion behavior of carbon steel in the water-line area [14]. Chen studied waterline corrosion processes of carbon steel in the seawater–atmosphere interface by the WBE technique [15]. It was found that under the action of an oxygen concentration cell, the vicinity of seawater–atmosphere was the cathode area, and the seawater area was the anode area. Hu studied the corrosion law of carbon steel at the seawater–atmosphere interface through WBE technology [16]. The results showed that the corrosion of carbon steel at the seawater–atmosphere interface was controlled by many factors such as potential difference, the concentration of dissolved oxygen and corrosion products. We investigated the processes of waterline corrosion in natural and artificial seawater by WBE [17]. Deng used WBE technology to study the corrosion behavior of X70 steel in the seawater–sea mud transition zone [18]. It was found that the corrosion current peak was formed in the area near the seawater–sea mud interface.



Previous experiments only involved a single interface region and did not take the simultaneous influence of multiple interface regions into consideration. In order to explore the influence of waterline (seawater–atmosphere interface) action on multiple areas, here WBE technology was used to study the corrosion process of carbon steel under waterline action at the interfaces of sea mud/seawater and seawater/atmosphere.




2. Experimental


Figure 1 displays a schematic diagram of the experimental setup required for the corrosion experiment. The WBE was fabricated by arranging carbon steel (material: Q235, side length: 10 mm, interval: 10 mm) into a 6 × 20 matrix, sealed by epoxy (Figure 1d). The working surfaces of WBE were abraded with silicon carbide papers and rinsed with distilled water and ethanol before being dried by a hairdryer. The WBE is made up of rows numbered 1–20 from top to bottom and coumns numbered 1–6 from right to left.



In the experiment, the sea mud was first placed in a high-temperature sterilization pot and kept at 120° for 2 h to kill the sulfate-reducing bacteria that may exist in the sea mud, and then cooled to room temperature. The WBE was immersed in the sea mud and then injected with 3.5 wt.% NaCl solution. Distilled water was added daily to make up for the water lost due to water evaporation. The atmosphere/seawater interface (i.e., the waterline) is the middle of the epoxy resin between the electrodes in the 4th and 5th rows, and the seawater/sea mud interface is the middle of the electrodes in the 12th row. The electrodes rows 1–4, the electrodes rows 5–11 and the electrodes rows 12–20 are called the atmosphere area, the immersion area, the sea mud area, respectively. The schematic diagram is shown in Figure 1c.



The instrument for the WBE test consists of modular instruments (National Instruments Co. NI, Austin, TX, USA), as shown in Figure 1b. Before the test, all electrodes in the WBE were connected to allow the electrons to flow freely. When the current distribution test started, the first electrode disconnected from the others, and the current between the individual electrode and other connected electrodes was measured. Subsequently, the first electrode was reconnected to the other electrodes and the second electrode was disconnected and the above procedures were repeated. The above experimental process is controlled by self-designed software [19,20], as shown in Figure 1a.




3. Results and Discussion


3.1. Surface Current Density Distribution


Figure 2 displays the galvanic current distribution maps of the WBE in a sea mud/seawater/atmosphere environment for various days. The red dotted line is the atmospheric/seawater interface, and the black dotted line is the seawater/mud interface.



Figure 2a shows the WBE surface distribution of the anode and cathode area on the first day of the experiment. It can be seen that the atmosphere/seawater interface was dominated by the cathode reaction; the upper part of the seawater area was the anode area. There was no clear boundary between the cathode and the anode area near the seawater/mud interface in the 12th row. The bottom and sea mud area were the coexistence region between the anode and the cathode area. At this time, the WBE was in the initial stage of metal corrosion, and dual corrosion cell was established. Oxygen concentration cells were formed between the seawater area and the area near the waterline, and between the seawater area and the sea mud area, respectively.



The cathode reaction tends to occur near the waterline due to the high oxygen exchange rate and oxygen concentration. With the increase in water depth, the concentration of dissolved oxygen decreases, and the anodic reaction occurs easily [21]. In the previous experiment, we tested the concentration of dissolved oxygen at different depths and found that there was a 2.58 mg/L concentration difference between the bottom and the top [22]. Oxygen exists in the clearance of sea mud and oxygen reduction reaction occurs, so the cathode reaction is the main reaction in the sea mud area.



On the 6th day, the color of the cathode area and anode area was significantly lighter than that of immersion for the 1st day, indicating that the current density decreased, as shown in Figure 2b. No significant cathode current was observed in the area above the waterline, and there was no driving factor for anodic reaction. The oxygen in the sea mud was gradually consumed by the cathode reaction, and the oxygen concentration decreased, leading to the cathode reaction slowing down. Due to the coupling of the cathode and anode, the anodic reaction was weakened and the anodic current density decreased.



On the 11th day, the color of the cathode in the sea mud area and the anode in the lower part of the seawater area further lightened, indicating the further decrease in the current density. The anode color at the upper part of the seawater area (near the waterline) was darker than that on the 6th day, indicating an increase in current density. Oxygen in the sea mud was further consumed by the cathode reaction, which slowed down the cathode reaction and weakened the anode reaction at the lower part of the seawater area. The cathode current appeared in the area above the waterline, which promoted the positive reaction in the upper part of the seawater area. An invisible liquid film was formed on the surface of the metal electrode in this area [23], which conducts with the electrolyte solution below the waterline. The cathode reduction reaction of oxygen occurs in this area, so the area presents as the cathode current [15].



On the 21st day, the cathode reaction in the sea mud area was further weakened and gradually changed to the anode reaction, as shown in Figure 2d. With the depletion of oxygen in the sea mud interstitial, the cathode reaction gradually decreased. it was difficult for the oxygen to diffuse into sea mud and the reaction was reversed from cathode to weak anode. At this stage, the electrode was in the coupling stage of the dual corrosion cell. The anodic reaction in seawater decreased gradually and the anodic area in the coexistence region expanded continuously.



With the progress of the experiment, the cathode area in the sea mud area basically disappeared on the 30th day of immersion, and the corrosion process entered the stage of a single corrosion cell. Until the end of the experiment, the cathode area was near the atmosphere/seawater interface, and the seawater area and sea mud area were anode reaction areas. This was consistent with the reversal of steel plate polarity in the seawater–sea mud transition zone observed in Zhang’s experiment [12]. The reason for the change was the change of oxygen concentration in the environment and the change of steel surface state, which reflected the coupling process of multi-electrode.



The value of this research lies in the discovery of a process in which two initial galvanic cells are coupled into a single corrosion cell at the atmospheric/seawater/sea mud interface. This is the spontaneous process of the coupled multi-electrode system, which took more than one month to complete.




3.2. The Current Density Vector Sum


In order to illustrate the variation of current density at different depth of the electrode surface with time, we introduced the concept of single-row current density [15]. We added the current density of each row (six cylinders) to obtain the single-row current density. Figure 3 displays the current density vector sum at various immersion time. It should be noted that if the current density of a row is positive, this does not mean that all the electrodes in the row have an anodic dissolution reaction and vice versa.



It can be seen from Figure 3a that, on the first day, the single-row current density of each electrode in the atmospheric region is close to zero. In the seawater area, the 5th row electrode showed cathode current and the 6th–11th rows electrode showed anode current. In the sea mud area, the 12th–14th rows electrode showed anode current and the 15th–20th row electrode showed cathode current. The maximum single cathode current was 29.24 µA·cm−2 in the 20th row and the maximum single anode current was 29.11 µA·cm−2 in the 6th row. In the initial stage of immersion, the dissolved oxygen content near the waterline and the oxygen content in the clearance of sea mud was sufficient, making the upper part of the seawater area and sea mud area become the main areas of cathode reaction. The cathode reaction drove the anode reaction to proceed rapidly, so the anode current density was high in the initial stage [24]. On the 6th day, the vector sum of the current density of each electrode in the atmospheric region was still close to zero, and the current distribution in the seawater region and the sea mud region did not change.



In the initial stage of the dual corrosion cell, the place near the seawater/atmosphere interface was cathode current, the seawater area was anode current, and the sea mud area was the coexistence region of cathode current and anode current (as shown in Figure 3a,b).



On the 11th day, the 4th row electrode in the atmospheric area showed obvious cathode current, while the current distribution on the surface of the electrode in the seawater area did not change. The maximum single cathode current was 12.8 µA·cm−2 in the 6th row and the maximum single anode current was 20.19 µA·cm−2 in the 6th row. A thin liquid film formed on the electrode surface in the atmosphere area, which participated in the whole electrode reaction process and became the strongest cathode reaction region [23]. As oxygen was continuously consumed in the sea mud area, the electrode in the 15th row, 17th row and 19th row in the sea mud area was reversed to the anode current. On the 21st day, the cathode current continued to expand upward in the atmosphere, and the third electrode in the atmosphere area showed a weak cathode current.



In the coupling stage of the dual corrosion cell, the place near the seawater/atmosphere interface was cathode current, the seawater area was anode current, and the sea mud area was the coexistence region of cathode current and anode current (as shown in Figure 3c,d). Compared with the initial stage, the cathode reaction was the strongest in the atmosphere area due to the production of thin liquid film on the electrode surface [25]. The cathode current in the sea mud area decreased gradually and the polarity reversed



From the 30th day until the end of the experiment, the place near the seawater/atmosphere interface was cathode current, the seawater area was anode current, and the sea mud area (except for the 20th row) was the anode current (as shown in Figure 3e,f). The dual corrosion cell had transitioned to a single corrosion cell.



Figure 4 shows the variation of the total anode current density on the electrode surface with the immersion time. The anode current density on the electrode surface was maintained at the maximum level at the beginning of the immersion due to the highest oxygen concentration at this time. With the increase in immersion time, the dissolved oxygen in the seawater area and the sea mud area could not be rapidly and effectively replenished due to the hydrostatic state, and the anode current density on the electrode surface kept decreasing rapidly. From the 6th day to the 17th day, the anode current density on the electrode surface maintained a moderate level of stability. The reason is that the oxygen supply in the hydrostatic state was slow, and the oxygen in the sea mud area was constantly consumed and could not be effectively replenished. From the 17th day to the end of the experiment, the anode current density on the electrode surface was further reduced. The reason is that the rust layer formed on the surface of the electrode in the seawater area inhibited the anodic reaction of the metal [26]. At the same time, the sea mud area almost exhausted oxygen. Two factors maintain the anode current density at the electrode surface at a low level.




3.3. Morphology of WBE Surface


Figure 5 shows the surface topography of the WBE at different immersion times. It can be seen from the figure that the corrosion degree of the atmospheric area was the lightest, and the corrosion degree of the electrode in the seawater area increased gradually with the extension of immersion time. Figure 5f shows the corrosion morphology of the electrode surface at the end of the experiment. The surface of the electrode in the atmospheric region still had metallic luster, and the metal matrix in this region was free from corrosion. The surface of the electrode in the seawater area was covered with a thick layer of reddish–brown rust. This is iron oxide/hydroxide formed by oxidation when oxygen was abundant [27,28]. The surface of the metal in the sea mud area was covered with a thin layer of black rust. This is a small amount of ferric tetroxide formed under the condition of insufficient oxygen [29,30].




3.4. Mechanism of Metal Corrosion at Sea Mud/Seawater/Atmospheric Interface


Figure 6 shows a schematic diagram of a metal corrosion mechanism at the sea mud/seawater/atmospheric interface. In the initial stage of the dual corrosion cell, the concentration of dissolved oxygen in the electrolyte solution near the atmosphere/seawater interface was high and tended to show cathode reaction. With the increased water depth, the concentration of dissolved oxygen decreased gradually, and the anode reaction easily occurred [21]. Oxygen existed in the clearance of sea mud, and an oxygen reduction reaction occurred in this area.



In the coupling stage of the dual corrosion cell, the anode reaction in the seawater area was weakened, and the anode area in the coexistence area was continuously expanded. The cathode area in the sea mud area decreased and the cathode current decreased gradually. It was difficult for oxygen to diffuse into the sea mud under the water condition, and the cathode reaction decreased gradually with the gradual consumption of oxygen in the sea mud clearance.



In the stage of the single corrosion cell, the atmosphere area was the cathode area, while the seawater area and sea mud area were the anode area, and the cathode and anode were at a lower level. The oxygen in the clearance of the sea mud area was consumed, so the cathode area in the sea mud area disappeared.





4. Conclusions


The seawater/atmosphere interface was generally the cathode area of the electrode, and the upper part of the seawater area was typically the anode area of the electrode. This is because the oxygen concentration cell generated by waterline action causes the cathode area to be concentrated near the seawater/atmosphere interface. The corrosion degree of seawater area was related to the distance between electrode and water line, and the corrosion degree decreased successively from the waterline down. The overall corrosion degree of the seawater area was one order of magnitude higher than that of the sea mud area, and the sea mud area was the area with the lowest system corrosion degree. In the early stage of the experiment, the sea mud area was the cathode area, while in the later stage, the polarity changed to the anode area, and the sea mud area became a part of the anode area on the whole electrode surface.
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Figure 1. Schematic diagram of the experimental setup. (a) Computer console. (b) Measurement system. (c) Experimental device. (d) Photo of the WBE before applying the coating on the surface. 






Figure 1. Schematic diagram of the experimental setup. (a) Computer console. (b) Measurement system. (c) Experimental device. (d) Photo of the WBE before applying the coating on the surface.



[image: Coatings 10 01219 g001]







[image: Coatings 10 01219 g002a 550][image: Coatings 10 01219 g002b 550] 





Figure 2. Galvanic current recorded on the Wire Beam Electrode (WBE) in sea mud/seawater/atmosphere environment for various immersion days. (a–f) correspond to 1, 6, 11, 21, 30, and 44 days, respectively. 
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Figure 3. Single row current density vector sum at various experiment times. (a–f) correspond to 1, 6, 11, 21, 30, and 44 days, respectively. 
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Figure 4. The average current density of the single row anode. 
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Figure 5. Morphology of the WBE surface immersed for 1 d (a), 6 d (b), 11 d (c), 21 d (d), 30d (e) and 44 d (f). 
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Figure 6. Schematic diagram of metal corrosion processes in sea mud/seawater/atmosphere environment. Stage I: initial dual corrosion cell. Stage II: dual corrosion cell coupling. Stage III: single corrosion cell. 
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