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Epoxy coating has been proven to protect steel bars from corrosion. However, the damage of epoxy coating is inevitable, and this may lead to more serious corrosion of steel bar. In order to study the corrosion resistance of steel bars with damaged epoxy coating, two groups of coating-damaged bar and one group of coating-intact rebar were designed, and six specimens were made. The influence of electrolyte concentration on the corrosion rate of steel bars was studied by setting different concentrations. After 30 days of accelerated corrosion, electrochemical data were recorded by the electrochemical workstation. The experimental result shows that the steel bars with coating damage have obvious polarization curve characteristics of corrosion, and corrosion resistance decreases obviously. According to the corrosion current and potential, the larger the damaged area of the coating, the faster will be the corrosion rate. According to the polarization curve data, the polarization resistance is modified, and the result is closer to the real polarization resistance value. The calculated corrosion rate shows that the corrosion rate of reinforcement is affected by both electrolyte concentration and coating damage area, and electrolyte concentration has a greater influence on the corrosion rate.
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INTRODUCTION
As the bridge is gradually extended to the deep sea, the bridge not only needs to bear more complex loads but also will meet more severe durability problems of concrete structures. The mechanical failure of the concrete structure usually begins with material failure. For deepwater structures, corrosion, crack, breakage, and other problems of basic materials will lead to attenuation of structural resistance and affect the long-term bearing capacity, service safety, and reliability of the structure.
Additional measures on existing structures can reduce the probability of corrosion, such as coating concrete surfaces, corrosion inhibitors, electrochemical dechlorination, cathodic protection, high corrosion-resistant steel materials, and various coated steel bars. Because of its convenience, reinforcement-protective coating has been used in engineering (Stratmann et al., 1994; Grundmeier et al., 2000). In order to study the effectiveness of epoxy-coated steel bars, many corrosion experiments and investigations had been carried out (Atilgan et al., 2018; Clear et al., 1995; Smith and Virmani, 1996; Manning, 1996; Weyers et al., 1997; Pyc’, 1998; Montes et al., 2004; Venkatesan et al., 2006). The effectiveness of epoxy-coated steel bars was verified. However, some studies only considered the influence of environmental factors, ignoring the influence of construction quality, integrity of epoxy coating, and other factors, so the effect of epoxy coating could not be accurately analyzed.
Through the experiment and technical improvement, the protection performance of epoxy coating on steel bars has been continuously improved (Nguyen and Martin, 2004; Singh and Ghosh, 2005; Selvaraj et al., 2009; Caldona et al., 2021). By changing the material and structure of the coating, the integrality performance of the reinforced concrete structure which is composed of epoxy-coated steel bars, and concrete has been verified and improved (Kim and Andrawes, 2019; Zhang et al., 2020; Shang et al., 2021). Epoxy coating can provide protection for steel bars even in the case of poor concrete quality (Darwin and Scantlebury, 2002). The corrosion protection of steel bars depends on the integrity of the epoxy coating, and its protection is always suspected once the epoxy coating is damaged (Manning, 1996; Darwin and Scantlebury, 2002; Kobayashi and Takewaka, 1984; Bautista and González, 1996; Gowripalan and Mohamed, 1998; Bellezze et al., 2006; Erdog˘du et al., 2001). The damage of epoxy coating may be caused by many reasons, such as bumping during construction and transportation, structural deformation, damage during use, and chemical reaction with surrounding substances (Wang et al., 2015; Wang and Gao, 2016; Zhao et al., 2021). Corrosion may not occur in the short term due to the alkaline environmental protection provided by concrete (Bellezze et al., 2006), but its long-term performance may have a great impact (Elleithy et al., 1998).
In this study, the corrosion electrochemical characteristics of epoxy rebars with damaged surface coating are studied. In order to speed up the process of the experiment, the impressed current (IC) technique was used to accelerate the corrosion of steel bsar (Li et al., 2021). Six epoxy-coated rebar specimens were manufactured with different degrees of breakage and placed in NaCl solution to simulate corrosion under the marine environment. The corrosion of epoxy-coated rebars was tested using the linear polarization method. According to the obtained electrochemical parameters, the corrosion of steel bars was quantitatively analyzed, and the influence of coating damage on steel bar corrosion could be obtained. The research results of this study could provide theoretical support for the application of epoxy-coated steel bars under the marine environment.
EXPERIMENTAL DESIGN
Specimen Design
In this experiment, the influence of different damage degrees of epoxy coating on steel bars corrosion was mainly considered. Therefore, three groups of concrete blocks containing epoxy-coated steel bars with different damage levels were designed. Table 1 summarizes the design parameter details of the tested epoxy-coated steel bars and blocks.
TABLE 1 | Parameters of test block.
[image: Table 1]The epoxy-coated steel bar was an HRB400 steel bar with a diameter of 20 mm. The specimen of steel bar was cut to 26 mm in length. The epoxy coating was a Valspar product. After blending the coating and curing agent in a ratio of 5:1, epoxy was evenly coated on the surface of the steel bar. To simulate the damage of the epoxy rebar, part of the coating from the surface of the steel bar was removed with a file (Figure 1). The protective layer positioning frame was secured to the steel bar, and the uncoated end of the steel bar was attached to the die in order to connect the wires (Figure 2). After connecting the wire, the exposed steel bar at the end was sealed with epoxy adhesive.
[image: Figure 1]FIGURE 1 | Epoxy-coated steel bar specimen. (A) Steel bar coated with epoxy. (B) Damaged epoxy-coated steel bar.
[image: Figure 2]FIGURE 2 | Layout of epoxy-coated steel bar.
Experimental Apparatus
The experimental apparatus was mainly composed of four parts, as shown in Figure 3.
(1) Current stable supply: This part was mainly composed of single-channel adjustable DC power supply and external wire.
(2) Switch box (Figure 4): The constant current power supply and the CS354 electrochemical workstation were connected to the switch box through a socket, so the test process could be controlled through the switch. By flipping the switch on the switch box, the corrosion of the steel bar could be accelerated, and the electrochemical information such as resistance and potential of the steel bar in the sample could be measured. By using this equipment, the artificial test error caused by multiple measurements was reduced.
(3) The CS354 electrochemical workstation: This part was mainly composed of workstations and external wires. The CS354 electrochemical workstation could complete electrodynamic potential or dynamic current scanning, electrochemical impedance spectroscopy, and other electrochemical testing functions, which could meet the requirements of this test (Guan, 2007).
(4) Specimen test box: This part was composed of concrete test blocks, saturated calomel electrode, Pt/Ti electrode, NaCl solution, platinum cathode electrode, and conductors. Concrete test blocks were padded with wooden blocks and shelved in test boxes. A certain amount of NaCl solution was poured into the test box, and the reference electrode and platinum electrode were placed in NaCl solution. NaCl solution was used as a corrosion medium to simulate the marine environment.
[image: Figure 3]FIGURE 3 | Schematic diagram of the experimental device.
[image: Figure 4]FIGURE 4 | Switch box. (A) Surface of the switch box. (B) Inside of the switch box.
Experimental Process
Due to the protection of concrete and epoxy coating, the corrosion rate of the steel bar under natural conditions is slow. In order to speed up the process of the experiment, the electrochemical accelerated corrosion method was used to accelerate the corrosion rate of the steel bar. In order to avoid the obvious error between the corrosion caused by accelerated corrosion and the corrosion results produced in the natural environment due to excessive current density, the recommended critical value of 2000 μA/cm2 was used in this experiment (Wu, 2016; Feng et al., 2021). The steel bar in each concrete test block was connected to the switch box in parallel. It was calculated that the current provided to the steel bar block should be about 28.84 mA, so the output current of this experiment was set to 30 mA.
The current stable supply was connected to the switch box, and then the power supply was switched on to start galvanizing corrosion and control the galvanizing time and current size, as shown in Figure 5. The polarization curves were measured in different time periods, and the corrosion rates of steel bars at the damaged parts of the coating were calculated.
[image: Figure 5]FIGURE 5 | Accelerated corrosion method and measurement of electric polarization parameter.
RESULT AND DISCUSSION
Analysis of Polarization Curve
After accelerated corrosion of each test block, the polarization curves of the specimens at different times were measured and plotted, as shown in Figure 6. As can be seen from the polarization curve in Figure 6A, the polarization curve slope of the epoxy steel bar with no surface damage in the test block after electrochemical accelerated corrosion is very large, without typical polarization curve characteristics, showing obvious low corrosion characteristics. In Figure 6B, after accelerated corrosion lasts for 30 days, corrosion current appears in the circuit, indicating that corrosion begins to occur in the epoxy steel bar. The cause may be slight damage to the epoxy coating when assembling the specimen or pouring the concrete, resulting in a weak current in the circuit.
[image: Figure 6]FIGURE 6 | Polarization curves of different specimens (A) S1, (B) S4, (C) S2, (D) S5, (E) S3, and (F) S6.
As can be seen from the polarization curves in Figure 6C, the steel bars show obvious corrosion characteristics. With the development of corrosion, the polarization curves gradually move to the lower right direction, that is, the corrosion rate (Icorr) increases and the corrosion potential (Ecorr) decreases. Since the damage length of coating is relatively small, the change in polarization current in the system has a greater impact on corrosion. As can be seen from Figure 6D, compared with the electrolyte solution of 0.1 mol/L, the polarization curve of the anode rises faster. The increase in electrolyte concentration promotes the corrosion of steel bars, accelerates the activation state of epoxy steel bars with damaged surfaces in concrete specimens, and accelerates the corrosion reaction.
Figure 6F shows the polarization curve of the steel bar at different corrosion times when the concentration of NaCl solution is 1 mol/L, and the surface coating is damaged by 4 cm. Compared with the case of coating damage of 2 cm under the same other conditions, the increase in the anodic polarization curve in this part is slower, indicating that the self-corrosion current (Icorr) is higher and the self-corrosion potential (Ecorr) is lower after changing this parameter.
The polarization curve of the epoxy steel bar varies according to the degree of corrosion. Generally speaking, if the electrode is polarized from the cathode to the anode, the equilibrium potential of the polarization curve will move in the negative direction. If the steel bar is passivated, the offset increases significantly. As shown in Figure 6, the cathode polarization curves are very stable on the third day. However, the anode polarization curves rise rapidly, and the Tafel slope is very large. The anode reaction process is very difficult. Based on the principle of corrosion potential, it can be known that the steel bar in the damaged area of the coating may be passivated.
With the development of corrosion, the range of negative and anode zone becomes smaller, indicating that the passivation state of the steel bar is not stable. The aforementioned phenomenon shows that the pitting resistance of epoxy-coated steel bars is getting weaker. It can be seen from Figure 6E that the partial area of the anode showed fluctuations, which may be due to the micro-cracks on the surface of the epoxy-coated steel bar and then re-passivation. Then the passivation layer broke again under the action of the corrosion solution, resulting in the fluctuation of the corrosion current.
After 30 days of accelerated corrosion, the polarization curve of the anode becomes more stable and βa becomes smaller. It can be seen that the reaction of the anode is good, and the steel bar at the damaged site is highly involved in the reaction.
As can be seen from the characteristics of the polarization curve, the steel bar appears passivated on the third day, while the passivation film gradually disappears on the seventh day. With the concentration of NaCl solution is 1 mol/L, βa of the anodic curve of the steel bar with damaged surface coating goes to infinity on the third day of corrosion, indicating that a dense passivation layer has been formed on the surface. At this time, the polarization current is mainly controlled by the cathode reaction.
Corrosion Potential
Figures 6A,B show the corrosion potential Ecorr of the epoxy steel bar without surface damage maintained at about 0.25 mV after the accelerated corrosion test. It shows that the probability of steel bar corrosion is low. For epoxy steel bars without surface damage, 30 days of accelerated corrosion do not increase the risk of corrosion. For damaged steel bars, according to the change in corrosion potential, it can be seen that the corrosion of steel bars has been developing, and the corrosion potential continues to decrease.
By comparing the corrosion potential in different concentrations of the solution, it can be seen that the higher the concentration of the solution, the greater the negative value of corrosion potential. In addition, at the same electrolyte concentration, the greater the damage degree of epoxy coating, the faster will be the corrosion rate.
The disturbance of the electrode is excluded, and the effect of the ion diffusion rate on the electrode reaction is considered. With the progress of corrosion, Cl− in the coat-damaged area of the steel bar gradually accumulates, and the reaction rate of the anode area is faster and faster. When the O2 diffusion rate of the anode region is less than the corrosion reaction rate, the reaction rate of the anode is mainly determined by the O2 diffusion rate.
It can be seen from Figures 6D,F that the equilibrium potential increases on the third day, and the polarization curve of the anode region changes faster than that of the cathode region. The reason may be that the corrosion reaction is under O2 diffusion control, which leads to a decrease in the corrosion current density, thus slowing down the anodic polarization rate and making the slope of the anodic polarization curve large.
Polarization Resistance
Thirty days of accelerated corrosion tests were carried out on coated steel specimens, and the experimental data of 1st, 3rd, 7th, 15th, and 30th days were recorded. After testing by electrochemical workstation, the polarization resistance of each steel bar is obtained by fitting, as shown in Figures 7, 8. Under the condition that the concentration of NaCl solution is 0.1 mol/L and the surface coating is damaged 2 cm, the anodic polarization resistance of the steel specimens at different times is 238,760, 215,580, 71,626, 62,408, and 35,757 Ω cm2. The polarization resistance of epoxy steel bars after accelerated corrosion has decreased much, indicating that the reaction rate of the steel bar surface has largely increased. As the corrosion continues, the polarization resistance becomes smaller and smaller, and the corrosion rate becomes higher and higher. By comparing the polarization resistance values of 1 mol/L NaCl solution, it can be seen that the duration of acceleration has a great influence on the corrosion effect, while the difference in polarization resistance values at the same time is small.
[image: Figure 7]FIGURE 7 | Fitted polarization resistance of S2 and S5 at different times (A) 1d, (B) 3d, (C) 7d, (D) 15d, and (E) 30d.
[image: Figure 8]FIGURE 8 | Fitted polarization resistance of S3 and S6 at different times (A) 1d, (B) 3d, (C) 7d, (D) 15d, and (E) 30d.
Compared with the 0.1 mol/L concentration group, the polarization resistance value of concrete specimens after accelerated corrosion is reduced twice, indicating that the increase in NaCl solution concentration promotes corrosion. However, for 1 mol/L NaCl solution, there will be a sudden increase in polarization resistance on the third day, indicating that a passivation layer is produced on the steel bar at this time and then the passivation layer slowly disappears in a longer corrosion time.
By comparing the polarization resistance value of epoxy coating damaged 2 and 4 cm, it can be seen that the polarization resistance value of steel bars damaged 4 cm is lower after the accelerated corrosion at the same time, indicating that the larger the coating damage, the faster will be the corrosion.
It is found that polarization resistance measured by the electrochemical workstation can be affected by potential deviation, and it is difficult to determine the error value. Therefore, the mean value data of the specimen with 1 mol/L NaCl solution and 4-cm damaged surface coat are selected as the research object. A section of polarization curve near Ei =0 and Ecorr is selected. First, the polarization curve is fitted, and then the tangent lines corresponding to Ei =0 and Ecorr are drawn, respectively (Figure 9). It can be found that the slope (polarization resistance) is different. We suspect that actual polarization resistance may lie somewhere between these two curves.
[image: Figure 9]FIGURE 9 | Polarization curves of feature points.
It is difficult to calculate the exact value of the polarization resistance, and Rp can be modified by the following formula to obtain a more realistic value:
[image: image]
[image: image]
[image: image]
The corrosion potential changes and corresponding polarization resistance values of epoxy steel bars at different scanning rates were measured and obtained and are given in Table 2. As the scanning speed decreases, the [image: image]/ [image: image] value gradually approaches 1, and when the scanning speed decreases to 0.10 mV/s, [image: image]/[image: image] = 0.90 shows that the value of [image: image] and [image: image] is very close.
TABLE 2 | Effect of scanning rate on potential offset.
[image: Table 2]Corrosion Current Density
The corrosion current and current density of each test block were recorded at days 1, 3, 7, 15, and 30, and the current density diagram is drawn as shown in Figure 10. Compared with the initial corrosion current density of epoxy steel bars, the corrosion current density sometimes decreases after accelerated corrosion. This may be due to the passivation of the surface of steel bars during the electrification process of accelerated corrosion, leading to a decrease in the polarization area, so the reaction shows a slight decrease in the corrosion current density. By comparing the current density of the 2-cm group and 4-cm group corroded by epoxy steel bar coating in electrolytes with different concentrations, it can be seen that the difference in corrosion current density between the two groups becomes larger and larger after accelerated corrosion, indicating that the concentration of electrolyte solution plays a dominant role in the later stage of corrosion.
[image: Figure 10]FIGURE 10 | Corrosion current density (A) S1 and S4; (B) S2 and S5; (C) S3 and S6.
Calculation of Corrosion Rate
The corrosion rate is calculated according to the following equation:
[image: image]
where MPY is the corrosion rate (mil/a), n is the relative atomic mass, ρ is the density of iron, and [image: image] is the corrosion current density, which is calculated from the measured corrosion current. Through fitting calculation, the corrosion rate of steel bars under different corrosion durations, electrolyte solution concentrations, and coating damage degrees can be obtained (Table 3).
TABLE 3 | Analysis of the anode polarization curve.
[image: Table 3]Comparing these three groups of independent variables, it is found that in the case of coating damage, the accelerated corrosion duration is the primary influencing factor in this experiment. In contrast, the concentration of the solution has a greater effect on the corrosion rate than the damaged area of the coating in this experiment.
Through the analysis of experimental data, the corrosion curves of steel bars under different corrosion areas and Cl− concentration are fitted, and then the numerical relationship between corrosion quantity and corrosion time is obtained by curve fitting (Figure 11).
[image: Figure 11]FIGURE 11 | Fitting curve of corrosion quantity (A) S2, (B) S5, (C) S3, and (D) S6.
As can be seen from Figure 11, after local corrosion of steel bars, the higher Cl− concentration, the will be the second derivative of the corrosion curve, indicating that when the coated steel bars are damaged, the Cl− concentration will have a greater influence on the long-term corrosion of steel bars. For the corrosion of 2- and 4-cm coatings, the corrosion rate of steel bars at 4 cm is almost twice as high as that at 2 cm.
CONCLUSION
Based on the linear polarization theory principle, the electrochemical behavior of damaged epoxy-coated steel bars was analyzed using an accelerated corrosion test. The effects of the accelerated corrosion duration and electrolyte solution concentration on steel bar corrosion were analyzed through the check experiment. Finally, the following conclusions were drawn:
(1) When the epoxy coating is not damaged, the polarization curve is chaotic and there is no obvious electrochemical reaction characteristic. When the coating is damaged, the polarization curve has obvious change characteristics, through which the electrochemical reaction can be judged.
(2) With different solution concentrations, the development process of steel bar corrosion is different. In the early stage of the corrosion reaction, the slope of the anode polarization curve of the steel bar in 1 mol/L electrolyte may be very large. The reason is the difficulty of electrochemical reaction caused by electrode passivation. In the long term, the development trend of corrosion is that the corrosion rate increases and the corrosion potential decreases.
(3) According to the polarization curve near the characteristic points, the true value of the polarization resistance needs to be corrected. The polarization resistance calculated by the modified formula is closer to the real value.
(4) According to the corrosion current density and the corrosion rate of steel bar, the higher the electrolyte solution concentration, the larger will be the damaged area of the coating and the faster will be the reaction. In comparison, the concentration of the electrolyte has a greater effect on corrosion.
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