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Abstract

:

A multi-electrode array sensor was developed to study the corrosion behaviors of carbon steel weldments and the effectiveness of the NaNO2 inhibitor in carbonated pore solution. The sensor can simulate a complete weldment, and the measurement results can match well with the coupon immersion test. The galvanic corrosion between the weld area, heat-affected area, and base metal area, as well as the effect of nitrite corrosion inhibitor on the weld area, were observed by measuring the open circuit potential, coupling potential, and galvanic current. The results show that corrosion is likely to happen around the weld metal area and its adjacent heat-affected zone. The intensive galvanic currents can accelerate the localized corrosion, while NaNO2 can inhibit it.
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1. Introduction


Reinforced concrete is widely used in various constructions due to its versatility, durable and strong performance throughout its service life [1,2]. With the development of ocean engineering, reinforced concrete is extended into the building of ocean and coastal structures such as the sea-crossing bridge, subsea tunnel, seafloor mining operations, and marine fishery [3,4]. The carbon steel rebar is always passive in the concrete by forming a thin layer of hydroxides in alkalinity conditions [5]. However, once the seawater permeates into the pore of the concrete, the passive film may be broken by aggressive ions such as chloride and sulfate ions which are largely contained in the seawater [4,6,7]. To decrease the construction period and cost reduction, various welded structures [8,9,10], such as the welded steel plate, welded steel tube, and welded wire fabric are applied in the dam, bridge deck, and the slab reinforcement of the ocean structures. Though the application of the welding technique can save the cost and ensure the structural strength, it may cause the increase of susceptibility to localized corrosion because the welding process can lead to the changes of the microstructures of the steel, formation of thermal oxide, and residual stresses [11,12,13]. The passive state of the welded carbon steel is not homogeneous in the mortar [8]. Especially in the marine environment, the breakdown of the passive film on a local area may result in a high localized corrosion rate and cause damage to the ocean structure [14,15]. Because different metals existed in the welded zone (WZ) and the heat-affected zone (HAZ), once the passive film firstly degrades in these areas, galvanic corrosion may occur among the weld metal (WM) area and base metal (BM) area [16]. Since the area of the WZ and the HAZ is much smaller than the BM area, serious localized corrosion will happen when both areas become anodes.



Various electrochemical methods have been used for the study of rebar corrosion and its inhibition in pore solution and mortar [5,15,17,18]. However, traditional electrochemical techniques such as half-cell potential, linear polarization resistance (LPR), and electrochemical impendence measurement (EIS) only can qualitatively assess the corrosion status and evaluate the average corrosion rate [19]. The localized penetration rate is hard to be captured by using these traditional methods. In addition, the high resistance of the concrete gives a large limitation of these methods to be used in practice engineering [20]. In recent studies, electrochemical noise (EN) measurement has been adopted in monitoring rebar pitting corrosion and its inhibition [21,22,23]. The transients of the coupled potential and current can directly reflect the breakdown and recovery of the passive film [24]. The corrosion patterns and corrosion rate also can be revealed from the EN by calculating the localized corrosion index and the noise resistance [25]. Though the metastable corrosion process and pitting corrosion process can be analyzed from the EN signal, the time and spatial propagation of the pitting corrosion process cannot be obtained by EN measurement [22]. Meanwhile, it is difficult to be evaluated the highest localized corrosion rate based on EN signals, solely. Therefore, coupled multi-electrode array sensor is developed for monitoring localized corrosion in various studies [26]. Through coupling the dispensing of small electrodes by current meter, the new sensor can simulate a one-piece electrode. The current distributions can be well measured by the new sensor and the highest localized penetration rate of the metal can be calculated from the max anodic current [27,28]. Yang [29] studied the threshold chloride levels for localized carbon steel corrosion in simulated concrete pore solution by using a newly designed sensor. The threshold level of Cl−/OH− in different pH solutions can be seen from the transfers of the max anodic current. Another multi-electrode sensor was designed as a wire beam electrode (WBE) which was also applied in the study of localized corrosion [30]. WBE is composed of 100 tiny electrodes and more detailed current and potential distribution maps can be obtained by using WBE [31]. Tan [32] firstly applied WBE in the study of localized corrosion processes beneath the high resistance media. Dong [33] used WBE in monitoring localized corrosion caused by the rust layers in mortar. Yang [34] also studied the interaction effect of sulfate and chloride ions on reinforcements in simulated pore solution by using the WBE technique. Based on the measurement principle of WBE, the multi-channel electrode sensor was used to study the corrosion behavior of the weldments or other steel structures [35]. The coupled multi-electrode sensors can be used as an effective method for the study of localized corrosion in concrete structures compared with traditional electrochemical methods.



Although lots of experimental studies on localized corrosion of reinforcements have been conducted in concrete and pore solution, the study of corrosion behavior of weldment in the concrete is rare. In this work, the galvanic corrosion behavior among the WM zone, HAZ, and BM zone in chloride-contained pore solution was studied by using a multi-electrode array sensor system. The inhibition effect of traditional inhibitor NaNO2 [24] on corrosion of weldments was also tested in the simulated pore solution through the observation of the changes of the coupled potential and the galvanic currents among the electrodes.




2. Experimental Methods


2.1. The Preparation of the Electrodes and the Corrosion Coupon


Two pieces of Q235 carbon steel plates with 15 mm thickness were used as the base metal. The welding material was J442 (E4303) welding rod. The chemical composition of the steel plate and the welding rod is listed in Table 1. It can be seen from Table 1 that the chemical components of the base metal and the welding metal are similar. The welded joints were fabricated using the Manual Arc Welding (MAW) technique. The weldment composed of the two steel plates is shown in Figure 1. The length of the welding joint is nearly 20 mm and the designated zones of WM zone, HAZ 1, HAZ 2, and BM zone can be observed from Figure 1. Through the cutting of the weldment, eight specimens at different zones were obtained. The specimens were machined to 15 mm × 10 mm × 4 mm and grounded consequentially with 500 to 1200 grit silicon carbide paper [36]. Since different surface roughness could lead to different corrosion susceptibility, all the steel samples are fine polished to the same level to keep the surface status at similar conditions The specimens were sealed with epoxy resin with the end face exposed to the test solution and the backside pasted on a resin plate. Copper wires were welded at the side faces of the specimens and sealed in epoxy resin. After the curing of the epoxy, the edge areas of the specimens were coated with lacquer to avoid possible crevice corrosion. The final working area of the specimens used as working electrodes (WEs) was close to 10 mm × 10 mm. The electrodes were numbered from WE 1 to WE 8 as shown in Figure 1.



A corrosion coupon that completely contained BM zone, HAZ, and WM zone was directly cut from the weldment with a dimension of 120 mm × 16 mm × 15 mm as shown in Figure 1. The surface treatment and sealed method were the same as the WEs. The corrosion coupons were used for the immersion tests and surface observation. The corrosion morphology on the coupon can provide a comparison to the WEs measurement result. At the initiation of each test, the surfaces of the electrodes and corrosion coupons were degreased with alcohol and rinsed with deionized water.




2.2. The Coupled Multi-Electrode Array Sensor System


The measurement principle diagram of the sensor system is shown in Figure 2. The sensor system consists of WEs, an eight-channel zero resistance ammeter (ZRA), a high resistance voltage follower, and an auto switch system. The working electrodes were arranged in the order as shown in Figure 1. The interval between the two adjacent electrodes was 5 mm. The electrodes can be coupled together through the eight-channel ZRAs to simulate a complete one-piece weldment. The sensor system can realize the open circuit potential (OCP) measurement, the coupled potential, and galvanic current monitoring for each electrode. During the galvanic currents and coupled potential measurement, the Switches 1 to 8 were kept closed. The current flowing through each electrode can be monitored simultaneously and the coupled potential of the electrodes can be measured with a high resistance voltage follower connected to a saturated glycerol electrode (SCE). The ZRAs and the voltage followers were provided by CST 508 Galvanic Corrosion Monitoring Device (CorroTest, China). In the OCP measurements, the working electrodes were connected sequentially to the voltage follower. During the OCP measurement of WE i (i = 1, 2, 3, …, 8), the Switch i (i = 1, 2, 3, …, 8) was kept closed, and the other switches were kept open. The measurement function of the sensor system can be switched through the control of the auto switches. A computer program that was coded with LabVIEW software package (National Instruments) was used to control the switches. All the measurement results were saved in a Structured Query Language database.




2.3. Experimental Procedures


The carbon dioxide in the air and the bicarbonate in the seawater can react with the alkaline compounds in the pore solution, leading to the carbonation of the concrete [37,38]. The real pH of the pore solution in a long-duration marine structure is always lower than 12. Therefore, the carbonated pore solution was used as the test solution. The test solution was first prepared as a pure saturated Ca(OH)2 solution. Then, the pH of the solution was adjusted to 11 by adding NaHCO3. In addition, NaCl was added into the solution to give a Cl− concentration of 0.2 mol/L. The multi-electrode sensor was firstly pre-passivated in the pure saturated Ca(OH)2 solution for over 12 h. Following, they were transferred to the test solution. After the OCP of the electrodes became stable in the test solution, switches were kept closed. The coupled potential and the galvanic current were kept for continuous monitoring. The measurement frequency of the coupled potential and the galvanic current was 0.5 Hz. The OCP of the electrodes was measured every 24 h. The test period of each OCP measurement was only 1 min and it would not influence the corrosion processes on the electrodes. The test cell was placed in an air-conditioned room with the temperature fluctuation at 26 ± 1 ℃. The test solution was directly exposed to the air. After the sensor had been immersed in the test solution for nearly 60 h, the inhibitor NaNO2 was introduced into the solution. According to the reference [24,39], NaNO2 would have a good inhibition effect in the pore solution when the concentration ratio of the NO2− and Cl− is above 0.3. Therefore, the ratio of the NO2− and Cl− is set as 0.5. Moreover, 0.1 mol/L NaNO2 was introduced into the solution to make the ratio of the NO2− and Cl− was 0.5. Its inhibition effect on the corrosion of weldments in pore solution was studied by the sensor system. The pH of the test solution had a little decrease from 11 to 10.6 after the inhibitor was added for 40 h. After the inhibitor was added for 50 h, the multi-electrode array was taken out and the surface morphologies of the electrodes were observed by KEYENCE VH-8000 optical microscope.



The corrosion coupon was also pre-passivated in the pure saturated Ca(OH)2 solution for over 12 h. Then it was immersed into the test solution for 144 h. After the coupon was carried out from the test solution, the surface morphology of the coupon was shot by a digital camera and it was also observed by KEYENCE VH-8000 optical microscope.





3. Experimental Results and Discussions


3.1. Measurement Results of the Coupled Potential and the OCP


After the electrodes were transferred to the test solution for 3 h, the OCP of the electrodes became stable. The switches were kept closed and the sensor system began to work. The OCP measurement results of the electrodes at different test periods are shown in Table 2 and the coupled potential measurement result is shown in Figure 3a. It can be seen the coupled potential was nearly −220 mV at the initial 28 h. A sudden decrease of the coupled potential from −220 mV to −650 mV can be seen from the curve. After the inhibitor NaNO2 was introduced into the solution at 60 h, the coupled potential recovered to −250 mV and gradually decreased to −280 mV.



It is observed that the OCP of the electrodes were all above −280 mV at the initiation of the test in Table 2. According to ASTM standard and the previous studies [29,40], the corrosion probability of carbon steel rebar in a reinforced concrete structure is 90% if the corrosion potential of the rebar is below −280 mV vs. SCE. Therefore, the OCP of the electrodes at the initiation of the test means a low corrosion probability. After the electrodes were coupled for 24 h, the OCP of the WE 1 and WE 8 both had a little rise to −173 mV and −169 mV indicating well protective films form on the BM areas. The OCP of the WE 2 and WE 7 nearly had no changes compared to the initiation period showing a low corrosion risk. However, the OCP of the WE 3 to WE 6 both had different degrees decreases after were coupled together. Especially for WE 3, its OCP had a significant decrease to −327 mV suggesting a high localized corrosion potential. Detailed information of the coupled potential at the initial 28 h is shown in Figure 3b. It is seen that, although the coupled potential was kept at −220 mV, frequent negative potential transients can be observed. The fluctuation of the coupled potential was nearly 10 mV in the initial 28 h. This signal may correspond to the metastable corrosion process on the electrodes.



As shown in Table 2, the OCP of WE 3 decreased to −697 mV after the electrodes were coupled for 48 h suggesting stable localized corrosion occurred on the HAZ 1. The OCP of the WE 1 and WE 8 were still higher than −180 mV. It demonstrates the passive film on the BM zone was intact. The OCP of the other electrodes all had significant decreases during this period. The OCP of the WE 4, WE 5, and WE 6 reached −283 mV, −310 mV, and −279 mV, respectively. It suggests localized corrosion may also happen on the HAZ 1 and WM zone. It can be seen from Figure 3c that the potential transients disappeared except for a sudden positive potential change.



After the introduction of the inhibitor, the coupled potential recovered to −250 mV soon. The OCP of the electrodes also had dramatic increases which can be observed from Figure 3a. The OCP of WE 3 recovered to −289 mV indicating the repair of the passive film. The OCP of the other electrodes were all higher than −250 mV at 72 h which the corrosion process of the weldment was effectively inhibited by the NO2−. The coupled potential and the OCP of the electrodes had a slight reduction after the inhibitor was added for nearly 36 h. The small decrease of the OCP may be caused by the decrease in the pH of the test solution. The negative potential transients reappeared which can be seen from Figure 3d. The transient frequency was lower than that shown in Figure 3b.




3.2. Measurement Results of the Coupled Potential and the OCP


More intuitive corrosion processes and anodic transients can be reflected by the galvanic current flowing through each electrode. It is seen from Figure 4a, the anodic and cathodic currents were all close to zero at the initial period. With the sudden decrease of the coupled potential. The WE 3 became the only anode and the anodic current of WE 3 which had an intensive increase to nearly 6 × 10−5 A. After the introduction of the inhibitor, both anodic current and cathodic current recovered to a small order of magnitude close to 10−6 A.



More detailed information of the currents distribution at a different time can be seen from Figure 4b–d. As shown in Figure 4b, during the initial 28 h test, WE 2, WE 3, WE 4, WE 5, and WE 6 presented as anodic areas. The anodic currents of WE 2 and WE 4 were very small. WE 3 and WE 5 performed as major anodic areas. The maximum anodic current Iamax was near 8 × 10−8 A and the maximum corrosion rate CRmax caused by the anodic current can be calculated as [41]:


    CR   max   =  I  a max   M / A ρ n F  



(1)




where M is the molecular weight of the metal, A is the working surface area of the electrode, ρ is the mass density of metal, n is valence, and F is Faraday’s constant. The max corrosion rate caused by the galvanic current was 9.42 × 10−4 mm/a. Note that CRmax is the corrosion rate caused by the anodic galvanic current. It cannot represent the real corrosion rate of the electrode. Only when most of the metal loss was induced by the galvanic current, the CRmax can be considered as the real corrosion rate of the electrode. It can be found that the max corrosion rate caused by the anodic current was quite low which indicated the galvanic current nearly did not influence the damage of the passive film. However, through the comparison of the OCP and galvanic currents, it can be deduced that the preferential corrosion was potentially occurring on the WM zone and HAZ 1. Frequent current spikes also can be observed from Figure 4b which suggests metastable corrosion processes on the surfaces of the electrodes.



It can be seen from Figure 4c that when WE 3 became the stable anodic area, the other electrodes soon transferred to the cathodic area. The maximum anodic current reached nearly 7 × 10−5 A which means the CRmax was 0.82 mm/a. The CRmax was nearly 4 times higher than the general corrosion rate measured by the LPR method in pore solution with 3.5% NaCl added [34]. In this situation, the anodic galvanic current is the main cause of the localized corrosion and CRmax can be used as the highest localized penetration rate of the electrode. It is known that localized corrosion is the most dangerous corrosion pattern for reinforcements. The corrosion rate of 0.82 mm/a will cause the soon failure of the structure. It can be also found that once stable pitting corrosion is formed on a local area, the current transients will also disappear, suggesting the cathodic current will provide a protective effect for other electrodes and inhibit the potential metastable corrosion process [42]. The fluctuation of the current significantly increased to 10−5 A during this period.



After the introduction of the inhibitor, the maximum anodic current on WE 3 soon decreased to 9 × 10−7 A suggesting the highest localized corrosion rate was 0.01 mm/a. It demonstrates that NO2− has a remarkable inhibition effect on the localized corrosion of the Figure 3 weldment. The passive layer recovered effectively on WE 3. With the dramatic decrease of the maximum anodic current, WE 5 and WE 6 transferred to anodic areas again. The current transients and current mutations also reappeared which can be seen from Figure 3d, indicating that the breakdown and recovery of the passive film occurred again. Repeat experiments were conducted to verify the experimental conclusion, and the results of the repeat experiments are shown in Figures S1 and S2 in the Supplementary Materials.



The anodic and cathodic electric charges of the eight electrodes are shown in Figure 5. It can be seen that WE 3 was the pure anode and the WE 8 is the pure cathode through the whole test. The anodic electric charge of WE 1, WE 2, and WE 7 were quite low which can be neglected. In addition to the WE 3, WE 5 and WE 6 performed as the second major anodic electrodes. The corrosion depth d of each electrode can be expressed as:


  d =  Q A  M / A ρ n F  



(2)




where QA is the anodic charges.



The largest corrosion depth was 2.32 μm on the WE 3. The corrosion depths of the other electrodes were relatively small.



Through the potential and galvanic current measurement results, it can be found that the passive films on the WM zone and HAZ 1 were preferred to be damaged by the aggressive ions in carbonate pore solution. It suggests a high corrosion risk of weldment in marine structures. The OCP of the HAZ 1 and WM zone was nearly 80 mV lower than the BM area in the initial period. It means the HAZ 1 and WM zone will act as an anode in the complete welded structure. The fragile passive film and the weak anodic current will firstly lead to the dissolution of the passive film in these areas. When a stable pit forms on these areas, the aggressive ions will soon come into the occluded pit sites leading to the continued breakdown of the passive film [34]. Consequently, a large potential difference will be generated between the BM area and the WM area or HAZ 1. The large galvanic current will further cause the propagation of the pitting corrosion and lead to a high localized penetration rate. In actual marine structures, the WM zone and HAZ were much smaller than the BM area. The preferential corrosion behavior of these areas will bring high failure risks to the ocean structures. Therefore, the weldment should be intensively monitored to avoid potential failures. The common inhibitor NaNO2 had an effective inhibition effect for corrosion of weldments in the carbonated pore solution. The localized penetration rate decreased nearly 80 times with the introduction of the inhibitor. However, the corrosion rate of the HAZ 1 remained high. In consideration of the more serious galvanic corrosion risk and high chloride ion concentration in the actual marine environment, the localized corrosion rate may be higher than 0.01 mm/a with NO2− injected into concrete. Thus, more effective inhibitors should be developed for the inhibition of localized corrosion that occurred in weldments in concrete structures.




3.3. The Morphologies of the Working Electrodes and the Corrosion Coupon


After removing the loose rust layers on the electrodes, the surface morphologies of the working electrodes were observed and shown from Figure 6a–h. It can be seen from the surfaces of WE 1, WE 2, WE 7, and WE 8 which had minor anodic electric charges were smooth and the scratches can be seen. However, a few tiny pits can still be seen on the electrode surfaces, indicating slight localized corrosion happened on these electrodes. Serious localized corrosion can be found on WE 3 to WE 6. The WE 3 suffered the most severe corrosion with a large localized corrosion area on its surface. Obvious pitting corrosion can be found on the surfaces of WE 5 and WE 6. As the anodic electric charge of WE 4 was relatively small, the localized corrosion level on WE 4 was lower than those on WE 5 and WE 6. The surface morphologies of the electrodes clearly show that the welding metal and heat-affected areas will suffer more serious localized corrosion in a welded structure. The observed results are in accordance with the measurement results obtained by the coupled multi-electrode array sensor.



Once the passive film on the steel surface is broken, a stable pit will soon form and a large quantity of Fe2+ will enrich the pitting corrosion area. Meanwhile, with the enrichment of the Fe2+, a mass of Cl− will also migrate into the pit. It can be seen from Figure 7a that a green rust layer appeared on the steel surface, suggesting the formation of FeCl2·4H2O [43] according to Equation (1):


   Fe  2 +   + 2  Cl −  + 4  H 2  O →  FeCl 2  · 4  H 2  O  



(3)







Because β-FeOOH always appears in the corrosion product, the rust layer showed a dark green color. As shown in Figure 7a, an obvious pit can be seen on the corrosion coupon after a longer immersion test. The whole surface morphology as well as the edge and inner morphologies of the pit can be seen from Figure 7b–d. It can be seen that the pitting corrosion area was located in the WM zone and the HAZ bordering the WM area. The pitting corrosion area was more serious and concentrated compared with the multi-electrode sensor system. The immersion test result was in accordance with the measurement results obtained by the sensor system that the breakdown of the passive film firstly occurs at the WM zone and HAZ 1. Except for the pitting corrosion area, nearly no obvious corrosion happened on the other areas of the weldment. It further confirms that once a stable pit is forming on the weldment, the galvanic current can provide protection to the other areas and accelerate the localized corrosion at the pitting area.




3.4. The Measurement Error Analysis of the Multi-Electrode Sensor System


It can be seen from Figure 6 that serious localized corrosion also happened on WE 5 and WE 6. Tiny pits can also be observed on WE 1, WE 2, and WE 7 as well. According to the calculating results of the anodic electric charge, the corrosion depths of WE 4 and WE 5 were only 4.7 × 10−3 μm and 5.9 × 10−3 μm, respectively. Andrade [44] pointed out that the corrosion current in a corroding area on the rebar is composed of the macrocell current between the non-corroding zones and corroding zones and microcell current produced within the corroding zones. The galvanic current is not directly equal to the corrosion current. This theory well explained the measurement error of the multi-electrode system. The multi-electrode array is a more complex system. As shown in Figure 8, the corrosion current of one electrode Icorr can be expressed as:


   I  c o r r   =  I  M a c r o   +  I  M i c r o   =  I  M i c r o   +   ∑  i = 1  7    I  g i      



(4)




where IMacro is the sum of the galvanic current flowing to the other electrodes, IMicro is the corrosion current within the electrode. Through the ZRA, only IMacro can be measured. In general studies, it is thought that the electrode will act as a cathode when the IMacro is positive. However, it cannot be guaranteed the whole galvanic current (Ig1, Ig2, …, Ig7) are all positive. In other words, even if the electrode obtained an electron in the system, it cannot be determined as the pure cathodic area. In this test, during the period from 35 h to 63 h, except for the only anodic electrode WE 3, the other electrodes all acted as cathodes and a large cathodic current was flowing to these electrodes. Nevertheless, the OCP of WE 4, WE 5, and WE 6 were −283 mV, −310 mV, and −279 mV at 48 h which was much lower than the other cathodic electrodes. Meanwhile, the OCP also indicated the passive film on these electrodes which were not intact. Both IMicro and anodic galvanic current should exist on the three electrodes and it will lead to underestimates of the corrosion degree on the electrodes. This phenomenon also appeared in Legat’s [45] studies that serious corrosion occurred on the cathodic electrodes by using the multi-electrode array.



For the pure anodic electrodes WE 3, since the OCP was the most negative, it can ensure that all the galvanic currents were negative. The measurement error caused by the galvanic current can be ignored. The IMicro became the only factor for the measurement error of the pure anodic electrode. It can be seen from Figure 8, when the pure anodic electrode was coupled with the other cathodic electrodes, the potentials of the electrodes will be polarized to the same coupling potential Ecouple [25]. The corrosion current Icorr was the anodic reaction current and it can be calculated from the Ecouple as shown in Figure 8. Meanwhile, the cathodic reaction current Ic also can be obtained. The corrosion current can be deduced from the diagram:


   I  c o r r   =  I  M a c r o   +  I c   



(5)







Combined with Equation (4), it can be found that IMicro is equal to the cathodic reaction current. The Icorr0 shown in Figure 9 is the corrosion current at the OCP and it can be accurately measured by LPR method. It can be seen that Ic is smaller than Icorr0. In this test, when serious localized corrosion happened on WE 3, the OCP of the WE 3 was −697 mV which was close to the coupled potential of −650 mV. Therefore, the Icorr0 can be used to qualitatively estimate the Imicro. Because the anodic polarization may impact the surface of the electrode, the measurement of the Icorr0 was not conducted into this test to ensure the in-situ monitoring status of the sensor system. In previous studies, the corrosion rate of the Q235 carbon steel in the simulated pore solution with 3.5% NaCl added was between 0.15 mm/a and 0.28 mm/a after the breakdown of the passive film [34]. It can be used as reference data for the evaluation of the highest localized penetration rate in this test. The upper limit of the highest localized corrosion rate of the weldment may reach 1.1 mm/a based on the reference data.



However, in this test, the corrosion process of the welded structure in concrete is a typical localized corrosion pattern. The reference IMicro is almost four times smaller than the IMacro on WE 3. The highest localized corrosion rate can be well reflected by the sensor system. This parameter is also the most concerning factor for the failure evaluation of the marine structure. Consequently, the coupled multi-electrode array sensor system can be applied as an effective method for monitoring the localized corrosion in the ocean and coastal structures.





4. Conclusions


The study of the corrosion behavior of carbon steel weldments in carbonated pore solution by using the coupled multi-channel electrode shows the following results:




	(1)

	
A complete welded structure can be well simulated by using the coupled multi-electrode array sensor system. The OCP of the electrodes, the coupled potential, and the galvanic currents among the electrodes can be online monitored. The maximum penetration rate of the weldment can be measured when serious localized corrosion happens. The metastable pitting corrosion and stable pitting corrosion process can also be revealed by the sensor system. This sensor system can be used as an effective method to monitor corrosion of weldments in marine concrete structures.




	(2)

	
The passive film on the WM area and the HAZ closings to the WM area are fragile and it is easier for them to be destroyed by the aggressive ions in the marine environment. These areas will confront high preferential corrosion risks and they always act as anodes when coupled with the BM area. Once stable pits were formed on the WM area or the HAZ, a localized anodic area will form and leads to a high penetration rate. The high galvanic current among the WM zone, HAZ, and BM zone will also result in the acceleration of the localized corrosion. The highest localized corrosion rate of the weldment in the carbonated pore solution containing 0.2 mol/L Cl− can reach a value higher than 0.8 mm/a, which will result in the fast failure of the marine structure.




	(3)

	
The inhibitor NaNO2 has an obvious inhibition effect on the corrosion of weldments when the ratio of NO2− and Cl− is 0.5. The maximum anodic current has a nearly 80 times decrease after the inhibitor was added. The OCP of the localized corrosion area also recovered with the introduction of the inhibitor. It indicates that NO2− has a strong repair function for the broken passive film on the WM zone and HAZ in carbonated pore solution.




	(4)

	
The localized corrosion rate and the corrosion depths of the electrodes will be underestimated only based on the anodic current and anodic electric charges obtained by the sensor system. The electrodes with cathodic currents cannot be directly considered as the pure cathodic area. Both negative galvanic current and microcurrent may exist on these electrodes. For the pure anodic electrode, the main measurement error of the maximum localized corrosion rate is caused by its internal micro-current. When the coupled potential is close to the OCP of the pure anodic electrode, the measurement of the corrosion current at the OCP can provide a further evaluation of the maximum penetration rate.
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Figure 1. The designated zones of WM, HAZ 1, HAZ 2, and BM on the steel weldment and the photos of the working electrodes and corrosion coupon. 
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Figure 2. The measurement principle diagram of the coupled multi-electrode array sensor system. 
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Figure 3. Time dependence of the coupled potential (a), the coupled potential at 0 h to 28 h (b), the coupled potential at 35 h to 61 h (c), and the coupled potential at 61 h to 110 h (d). 






Figure 3. Time dependence of the coupled potential (a), the coupled potential at 0 h to 28 h (b), the coupled potential at 35 h to 61 h (c), and the coupled potential at 61 h to 110 h (d).



[image: Applsci 11 08278 g003]







[image: Applsci 11 08278 g004 550] 





Figure 4. Time dependence of the galvanic currents among the electrodes (a), the galvanic currents at 0 h to 28 h (b), the galvanic currents at 35 h to 61 h (c), and the galvanic currents at 61 h to 110 h (d). 
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Figure 5. Anodic and cathodic electric charges of the electrodes. 
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Figure 6. Surface morphologies of the electrodes taken 50 h after the inhibitor was added, (a) the surface of WE 1 (b) WE 2 (c) WE 3 (d) WE 4 (e) WE 5 (f) WE 6 (g) WE 7 and (h) WE 8. 
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Figure 7. The photo of the corrosion coupon after immersed in the test solution for 144 h with and without the rust layer (a), the whole surface morphology of the pitting corrosion area (b), the edge of the pitting corrosion area (c), and the inner surface of the pitting corrosion area (d). 
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Figure 8. Representation of the macro current among the electrodes and microcurrent within the corroding electrode. 
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Figure 9. Schematic Evan’s Diagram illustrating the Icorr, IMacro, Icorr0, and Ic. 
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Table 1. Chemical components of Q235 steel plate and J442 welding rod.
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	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Fe





	Q235
	0.22%
	0.30%
	0.40%
	0.04%
	0.04%
	0.01%
	0.01%
	Bal.



	J442
	0.25%
	0.18%
	0.31%
	0.04%
	0.03%
	<0.01%
	<0.01%
	Bal.
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Table 2. The OCP of the electrodes at different times.
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Time (h)

	
The OCP of the Electrodes (mV)




	
WE 1

	
WE 2

	
WE 3

	
WE 4

	
WE 5

	
WE 6

	
WE 7

	
WE 8






	
0

	
−180

	
−210

	
−275

	
−219

	
−247

	
−240

	
−224

	
−185




	
24

	
−173

	
−207

	
−327

	
−221

	
−263

	
−253

	
−237

	
−169




	
48

	
−158

	
−237

	
−697

	
−283

	
−310

	
−279

	
−258

	
−166




	
72

	
−150

	
−200

	
−289

	
−190

	
−224

	
−240

	
−175

	
−148




	
96

	
−161

	
−235

	
−313

	
−232

	
−247

	
−259

	
−203

	
−157
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