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Abstract

:

The applicability of galvanic-cell-based atmospheric corrosion monitoring (ACM) technology has been confirmed empirically in field tests, however the corrosion behaviors on the ACM sensors have rarely been studied systematically. In this study, the influence of temperature, chloride ions, and hydrosulfite (simulated sulfur dioxide) ions on the corrosion behaviors of Fe/Cu-type ACM sensors was investigated. The results show that the hydrosulfite ions led to a larger increase in the Fe/Cu-based ACM current than chloride ions in the initial stage of corrosion, and both changed the components of the corrosion products. Moreover, the hydrosulfite and chloride ions showed a synergistic effect on the corroded ACM sensor. Lastly, a positive correlation between ACM technology and the mass loss method was observed, further indicating that ACM technology can be an effective, convenient, and fast approach to studying the accelerated corrosion behaviors of steels.
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1. Introduction


Corrosion widely affects the infrastructure, transportation, and energy sectors [1,2,3,4], and atmospheric corrosion causes most of the loss and damage. At present, severity evaluations of atmospheric corrosion are mainly carried out by corrosion coupons [5,6,7], which are difficult to use to track the dynamic process of atmospheric corrosion continuously [8,9,10]. In contrast, atmospheric corrosion monitoring (ACM) technologies can create detailed descriptions of atmospheric corrosion, and help us to understand how such a process is influenced by the complex environmental parameters [11,12].



Various ACM technologies have been applied to assess the corrosivity of atmospheric environment based on different monitoring principles, such as the galvanic corrosion cell [13,14], electrochemical impedance [15,16,17], and electrical resistance [18,19] measurement. For galvanic-cell-based ACM sensors, active metals and noble metals are assembled as anodes and cathodes, respectively, in a closed cell to form galvanic couples, and a galvanometer is connected in series between the two kinds of electrodes to directly detect the galvanic current [13,14]. The corrosivity of the environment is reflected by the magnitude of the galvanic current, which is generated from the corroded sensor, instead of the substrate. Compared with the ACM technologies based on electrochemical impedance and electrical resistance measurements, the ACM with galvanic cells owns higher sensitivity to the change of atmospheric corrosivity, and avoids the interference of an external current that flows through the materials during measurement [15,16,18,19]. As a result, it is highly desirable to use the galvanic-cell-based ACM technology to assess the corrosivity and describe the corrosion performance of materials under atmospheric environments.



Different from the corrosion mechanism on corrosion coupons, the galvanic effect exists on the galvanic-cell-based ACM sensor. Empirically, the effectiveness of this sensor for sensitively measuring the dynamic changes of environmental corrosivity in the field has been verified [14,20,21,22]. Mansfeld et al. installed a Fe/Cu ACM sensor on the roof and observed that heavy fog significantly provoked the ACM current [20]. Pei et al. employed the Fe/Cu ACM sensor under six exposure fields and found that rain contributed to 64.6–89.0% of the corrosion of the steel, which only accounted for 16.3–29.7% of the exposure time [14]. Mizuno et al. and Pongsaksawad et al. obtained a positive correlation between the electrical quantity output of ACM sensors and the natural corrosion rate of corrosion coupons under three outdoor environments in Thailand and some automotive environments [21,22]. Furthermore, Pei et al. presented the application of machine learning methods to assist the analysis of ACM data and to predict the atmospheric corrosion [23]. However, few studies have evaluated the effectiveness in terms of corrosion products and morphologies. As a result, whether the galvanic effect changes the corrosion behaviors of the anodes on the ACM sensor is unknown. From the perspective of the corrosion behavior, the galvanic effect means the representation of the ACM sensors on standardized coupons can be doubtful. More detailed laboratory studies on the effectiveness of galvanic cell-based ACM technology and the scope of the applicable environments are urgently required.



In this study, an Fe/Cu-type ACM sensor was employed to study the corrosion behavior of steels on the ACM sensors under multiple types of simulated atmospheric environments, including atmospheres with no pollution, and atmospheres with chloride ions, sulfur dioxide, and both ionic contaminants, respectively. After testing, ACM technology was compared with the traditional mass loss method, and the correlation was discussed, with the aim of further verifying the reliability and feasibility of ACM technology for studying atmospheric corrosion in accelerated test environments.




2. Experimental Procedures


2.1. ACM Technology


A schematic diagram of the galvanic cell-based ACM technology is shown in Figure 1. The apparatus mainly consists of a sensor which generates the galvanic corrosion current, and a galvanometer (Saiyi IACM, Beijing, China) that detects the magnitude of the current. The ACM sensor comprises 11 corrosion couples, utilizing Q235 carbon steel (chemical composition given in Table 1) as the anodes and technical pure copper (>99.5% purity) as the cathodes. The anodes and cathodes are separated by glass fiber-reinforced epoxy composite boards (FR4) for electrical insulation. The FR4, with a thickness of 0.5 mm, is used to control the spacing between the metal sheets. The exposed area of each FR4 and metal electrode sheet is 25.0 mm × 0.5 mm. After being completely sealed, the surface of the sensor was abraded by 1200-grit sandpaper, and then we measured the resistance between the cathodes and anodes with a multimeter, making sure that they were not in short-circuit condition when the galvanometer was not connected. If the resistance was higher than 5 × 106 Ohms, the ACM sensor was ready to use. The resolution of the monitored current was 0.01 μA, and the data acquisition frequency was set as once per minute. The measurement error of the galvanometer was within 0.5%.



When a thin layer of electrolyte is formed on the surface of the ACM sensor, the steels and coppers become electrically connected and this provokes a galvanic corrosion current. Due to the separation of the electrodes by the insulators, the galvanic current has to pass through a galvanometer, by which the ACM current was detected and recorded.




2.2. Laboratory Test Methods


The laboratory tests used to investigate the influence of different environmental factors on the ACM sensors were conducted in a salt spray box (Kemei-60 A), as shown in Figure 2. The size of the internal chamber of the salt spray box is 60 cm × 45 cm × 40 cm, and the pressure of compressed air is 1 ± 0.01 kgf cm−2, and the corrosive solution prepared for the spray is 15 L. Due to that it is difficult to keep the same condition at every location in the chamber, we installed the ACM sensor and the corrosion coupons at the same locations for each test, controlling the difference caused by different test locations. The deionized water (simulating the pure atmosphere), NaCl solution (simulating a marine environment with chloride), NaHSO3 solution (simulating an industrial environment with sulfur dioxide), and a mixed solution comprising NaCl and NaHSO3 were used as the corrosive mediums during the corrosion tests [24,25]. The detailed settings of the environmental factors for four in-door simulated atmospheric environments are shown in Table 2 [25]. To compare the obtained results of the ACM technology with those from the traditional mass loss method, five parallel Q235 carbon steel coupons (50 × 25 × 3 mm3) were placed in the same environment near the ACM sensor, so as to evaluate the atmospheric corrosivity by the mass loss rate.



Each test lasted for 24 h. During testing, the real-time electrical outputs from the ACM sensor were acquired. When the tests were finished, the corrosion coupons were taken out, and the corrosion products on the carbon steel were removed by scrubbing with a wire brush in an 18 wt % hydrochloric acid solution, as specified in ISO8407 C.3.5 [26]. Then, the average mass loss was calculated using the weight difference of the specimens before and after the spray test.




2.3. Analytical Methods


After finishing the test, the macroscopic morphology of the ACM sensor surfaces was recorded by a Canon750D camera. The microstructure of the sensor surfaces was characterized by scanning electron microscopy (SEM, FEI Quanta250, Hillsboro, OR, USA), and all the SEM figures were shown as secondary electron images. Moreover, the crystal structures of the corrosion products on the Q235 metal sheets of ACM sensors were determined by X-ray diffracting (XRD, Rigaku Ultima IV, Tokyo, Japan) with CuKα radiation, and the scanning range was 10° to 90° in θ–2θ mode, with a scanning rate of 4°/min. The applied voltage was 40 kV and the filament current was 30 mA.





3. Results and Discussion


3.1. Effect of Temperature


Figure 3a displays the real-time values of the ACM current output from the ACM sensor under different temperatures. It is seen that the ACM current significantly increased after a certain time. This phenomenon can be explained by the working mechanism of the salt spray box. The salt spray box maintained its internal environment by intermittent spraying. When spraying, we observed a jump in the current values, showing that ACM technology could track and monitor the fluctuations of material corrosion caused by dynamic changes of environment. The macro morphologies of the sensor surface after 24-h spraying are shown in Figure 3b. Due to the weak corrosivity of deionized water and short corrosion time, the rust layers were thin and scattered over the surfaces of the sensors. As the temperature increased, the rust became more obvious. Combined with the ACM current variation in Figure 3a, the right peak of the ACM current caused by the second spray was obviously higher than that caused by the first spray for each temperature; this was caused by the promoting effect of the rust layer in forming a thicker thin liquid film during the initial stage of the corrosion [14]. The sensor surface was smooth for the first spray, but it was rusted during the second spray. Figure 3c shows the natural corrosion rate (r) acquired from the corrosion coupons and the average galvanic current (I) output by the ACM sensor under different temperatures during the continuous spray tests with deionized water. It can be clearly seen that both the corrosion rate and the average current increased with temperature. These results are in accordance with the laws in the Arrhenius equation [27,28,29], and the corrosion rate increased by nearly three times from 35 °C to 45 °C.



The micro surface morphologies of the steels on the ACM sensors after testing with deionized water are shown in Figure 4. The corrosion products were granular and stacked, with high porosity and poor protection to the substrate. These corrosion products could not inhibit the oxygen transmission, but were more conducive to the formation of a thin liquid film, and caused the ACM current to have an increasing trend in Figure 3a. Figure 5 shows the XRD results of the corrosion products at different temperatures. The compositions of these corrosion products were all mainly magnetite (Fe3O4), with a small amount of lepidocrocite (γ-FeOOH) and goethite (α-FeOOH). As a result, higher temperatures only accelerated the corrosion process but did not vary the corrosion behaviors on the Fe/Cu-based ACM sensor.




3.2. Effect of Chlorine Ions


Figure 6a demonstrates the real-time variation of the ACM current under different concentrations of NaCl solutions. Compared with deionized water, chloride ions in NaCl solution caused the evaporation process of the thin liquid film to become more difficult and did not show the same promoting effect for the second spray. After 24 h, the ACM current under 3.5% NaCl showed the highest value. The surfaces of the corroded ACM sensors are shown in Figure 6b; the corrosion was slight, and the macro morphology did not alter significantly with the changed NaCl concentrations. Figure 6c shows the natural corrosion rate data and average ACM galvanic current data under different NaCl solution concentrations. Obviously, the average current of the ACM sensor increased significantly when we used 1% NaCl solution as the corrosion medium instead of deionized water. Then, the concentration of NaCl solution changed from 1% to 7% and the average current became constant. The influence of chloride on material corrosion was dominant due to the hygroscopicity, penetrability, and electroconductibility [30], and the concentration directly affected the corrosion rate in yearly field tests [30,31,32,33]. These promoting effects lead to a higher average current of the ACM sensor from 0% to 1% concentration, as shown in Figure 6c. However, the crucial mechanism of chloride in promoting corrosion is accumulation in the rust layers, inducing the formation of non-protective corrosion products [30,32,34,35]. This leads to the impact of chloride being cumulative, and it becomes more dominant in long-term tests under marine atmospheres. For example, Alcántara et al. found that for the first half year of atmospheric corrosion, the corrosion rates of mild steel were 118.6 μm a−1 and 114 μm a−1 in the locations with chloride deposition rates of ~100 mg m−2 d−1 and ~50 mg m−2 d−1, respectively. After one year, the corrosion rates exhibited a larger difference (65.5 μm a−1 and 50.1 μm a−1) [32]. For the tests in this study, the corrosion time was short, and the corrosion stage was speculated to be in the initial stage. Therefore, it is reasonable to consider the promoting effect of chloride with different NaCl concentrations (1–7%) was not obvious in this study, which leads to similar macro morphologies and average ACM currents, as seen in Figure 6b,c. Moreover, we observed the highest value under 3.5% NaCl solution, both in average ACM current and corrosion rate. This phenomenon might be attributed to the strong electrolytes. According to the theory of strong electrolytes, the migrating rates of the ions should slow down owing to the increasing interaction of Na+ and chloride ions with a high concentration of NaCl solution, which does not favor increasing the conductivity of the electrolyte film and slightly inhibits corrosion [36]. The increase in ions also reduced the dissolved oxygen [37]. As a result, a decline in both the current and corrosion rate was observed above a NaCl concentration of 3.5%, as shown in Figure 6c. Furthermore, the natural corrosion rate of the steels and ACM current had a similar development trend.



The micro morphologies of the steels on the ACM sensor during the NaCl spray are shown in Figure 7. The morphologies at each concentration were similar, all illustrating large plate-like particles with high porosity and big gaps, which are the typical features of lepidocrocite. The corrosion products were speculated to be non-protective due to their structure. That assumption was verified by the XRD results in Figure 8, showing that the compositions of these corrosion products were the same, indicating the change in the NaCl concentration did not vary the composition of corrosion products formed on the surface of the ACM sensor. The corrosion products were mainly lepidocrocite, with a small amount of goethite and magnetite, which were different from the corrosion products under deionized water. The difference might be attributed to the presence of chloride ions. Previous studies showed that chloride ions would be benefit to form more lepidocrocite in the rust layers at first, and then akaganeite (β-FeOOH) as time went on [30,38]. This caused the same corrosion behavior on the sensor: lepidocrocite became the main component in the rust layers, as shown in Figure 8. The porous structure and strong electrochemical activity of lepidocrocite would further enhance the moisture absorption and provoke a higher ACM current on the sensor, similar to the increase in the corrosion rate of the coupons. In summary, the corrosion behaviors of the ACM sensor were in accordance with that of the coupons under an environment with chlorine ions.




3.3. Effect of Hydrosulfite Ions


Figure 9a shows the real-time ACM current data under different concentrations of NaHSO3 solution. Compared with Figure 3a and Figure 6a, the current values observed here were larger due to the introduction of acidic ions. The current showed a downward trend in sulfate solutions during 24-h spray. The macro morphologies in Figure 9b show that the corrosion products covered the surface on the ACM sensors, and the corrosion tended to be more severe with increased acidic ions. The developing trend of the natural corrosion rate and average galvanic current was similar, as shown in Figure 9c. Unlike chloride ions, hydrosulfite ions not only enhanced the conductivity of the electrolyte layer, but also provided an anodic depolarizer. Thus, the hydrosulfite ions were more corrosive at the initial stage of corrosion than chloride ions [39,40]. Furthermore, this environment triggered an excessive galvanic effect, and led to an obviously higher current and corrosion rate when the concentration of hydrosulfite ions rose, as shown in Figure 9c.



Figure 10 shows the surface morphologies of the steel on the ACM sensors after spraying with NaHSO3 solution. It was observed that the block structure morphology became increasingly prevalent as the NaHSO3 concentration increased from 0.05% to 0.3%. Usually, hydrosulfite ions lower the pH of electrolytes and dissolve the initial corrosion products of lepidocrocite [41], which causes lepidocrocite to exist in the outer rust layer. Here, higher concentrations of hydrosulfite ions resulted in more goethite and iron hydrosulfite (FeSO3) and caused denser microtopography with some cracks of the corrosion products, as shown in Figure 10c. As for the cracks on the inner layer, the growth of goethite and iron hydrosulfite resulted in stress on the interface between the rust layer and substrate. Due to the poor deformation capacity of the rust, cracks were generated in the inner rust layer. As mentioned above, the current showed a downward trend in sulfate solutions (Figure 9a), and we speculated that an environment with higher corrosivity made the corrosion process faster in the initial stage. Then, the ACM current showed a declining trend over a short time. Besides, the corrosion products seemed to be more protective in the sulfate solutions, which would inhibit the contact between the corrosive medium and substrate. Both of these may have caused the downward trend in the sulfate solutions. The XRD results are shown in Figure 11. The main corrosion products were lepidocrocite under 0.05% NaHSO3 solution. When the concentration of solution reached 0.3%, the content of lepidocrocite and goethite decreased, and iron hydrosulfite could be detected easily, which verified the speculations above. The unchanged type of corrosion products signified the change in the NaHSO3 concentration did not influence the corrosion mechanism of the anodes on the ACM sensor. However, the primary component of the corrosion products changed from lepidocrocite to iron hydrosulfite, showing the dominant change of corrosion process into the depolarization of the acid ions. This XRD result and the micro morphology of the corrosion products were similar to those found in a previous study investigating corrosion coupons [42], indicating that the corrosion behaviors under similar environments were consistent.




3.4. Effect of Combined Ionic Contaminants


Figure 12 shows the real-time ACM current data, the macro morphologies of the ACM sensors, the natural corrosion rate curve, and the average ACM galvanic current curve under different concentrations of NaCl with 0.1% NaHSO3. Compared with Figure 6, the corrosion became more serious with the addition of 0.1% NaHSO3. Moreover, as seen in Figure 12c, the presence of an additional 3.5% NaCl was of benefit for raising the ACM current and corrosion rate in the 0.1% NaHSO3 solution, showing that the promoting effect of chloride was not inhibited by the addition of NaHSO3. In summary, the combined effect of chloride and hydrosulfite ions on the corrosion of steels, both in the ACM sensors and in the corrosion coupons, was greater than that caused by each single component.



As shown in Figure 13, the morphologies of the corrosion products on the sensors were complex. Filamentous products floated on the surface, and small-sized blocks with many cracks sank to the bottom. The corrosion products were mainly goethite and iron hydrosulfite, with less lepidocrocite, which was demonstrated by the XRD results in Figure 14. We speculate that the chloride ions could not significantly improve the ACM current in the acidic environment due to the partial dissolution of the lepidocrocite. This speculated corrosion behavior is similar to the synergistic effect of chloride ions and sulfur dioxide on the coupons [43,44].




3.5. Correlation between the ACM Current and Corrosion Rate


Figure 15 presents the correlation between the average current of the ACM sensor (I) and corrosion rate of the corrosion coupons (r). The correlation equation is written as


  r = 6871.67 ×  I 0.69   



(1)




where r is expressed in g m−2 a−1 and I is expressed in μA. As seen in Figure 9b and Figure 12b, the corrosion products covered the surface of the sensors. We considered that the conductivity of the corrosion products might cause a short-circuit of the ACM sensors, leading to a rapid decrease in the detected current. Nevertheless, despite the different environments, I correlated well with r, indicating the negligible influence of the short circuit. Among the corrosion products (e.g., magnetite, goethite, lepidocrocite, and ferrihydrite), magnetite has the highest conductivity [45]. However, Figure 9b and Figure 12b show that the main corrosion products formed after the test were goethite, lepidocrocite, and iron hydrosulfite, without magnetite. More importantly, the electrical resistivity of the electrolyte layer (0.5–5 Ohms cm [46,47]) formed on the sensor surface was expected to be much lower than that of the corrosion product oxide layers on the steel surfaces (106–1.1 × 108 Ohms cm) [48]. Thus, we inferred that the change in the corrosion product conductivity would not induce a major impact on the sensor output current. In this way, a good correlation between the average current of the ACM sensor and the corrosion rate of the corrosion coupons was achieved.





4. Conclusions


A Fe/Cu-type ACM sensor was employed to explore the influence of different environmental factors on the ACM sensor, and investigate the corrosion behaviors of the steels on the ACM sensor. A higher temperature only accelerated the corrosion process of the ACM sensor, but did not alter the corrosion behaviors. The chloride ions promoted the formation of lepidocrocite in the rust layers on the ACM sensor surface and increased the current values. Meanwhile, the hydrosulfite ions led to a larger increase in the ACM current than chloride ions at the initial stage of corrosion, and changed the components and morphologies of the corrosion products, especially under a high concentration of hydrosulfite ions. Moreover, the hydrosulfite and chloride ions exhibited a synergistic effect on the corroded ACM sensor. The investigated corrosion behaviors under multiple environments on the ACM sensor surface were in accordance with the corrosion coupons. Lastly, a positive correlation between the ACM technology and the mass loss method was observed, and we found that the coverage of the corrosion products did not affect the effectiveness of the sensor in this study. In summary, from the perspective of corrosion behaviors, the representation of the ACM sensors regarding the standardized coupons was feasible. ACM technology can be an effective, convenient, and fast approach to study the accelerated corrosion behaviors of steels.



Our future work will focus on quantitatively establishing a transformational correlation between the real-time ACM current and the instantaneous corrosion rate, considering changes in environmental factors and an extended timeframe. It is expected that this approach would expand the usefulness of ACM technology for the evaluation of the corrosion resistance of materials.
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Figure 1. Schematics showing the design of the Fe-Cu type atmospheric corrosion monitoring (ACM) sensor. 
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Figure 2. Illustration of the spray test method in the laboratory. 
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Figure 3. (a) Real time ACM current; (b) the macro morphologies of the ACM sensor; (c) mass loss rate and average current of the ACM sensors at different temperatures. 
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Figure 4. Surface morphology of the corrosion products formed on the anodes of the ACM sensor after the continuous spray test with deionized water at different temperatures: (a) 35 °C; (b) 40 °C; (c) 45 °C. 
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Figure 5. Composition of the corrosion products formed on the anodes of the ACM sensor after the continuous spray test with deionized water at different temperatures. 
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Figure 6. (a) Real time ACM current; (b) the macro morphologies of the ACM sensor; (c) mass loss rate and average current of the ACM sensor at different concentrations of NaCl solution. 
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Figure 7. Surface morphology of the corrosion products formed on the anodes of the ACM sensor after the continuous spray test with NaCl solution at different concentrations: (a) 1%; (b) 3.5%; (c) 5%; (d) 7%. 
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Figure 8. Composition of corrosion products formed on the anodes of the ACM sensor after the continuous spray test with NaCl solution at different concentrations. 
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Figure 9. (a) Real time ACM current; (b) the macro morphologies of the ACM sensor; (c) the variation of the mass loss rate and average current of the ACM sensor at different concentrations of NaHSO3 solution. 
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Figure 10. Surface morphology of corrosion products formed on the anodes of the ACM sensor after the continuous spray tests at different concentrations of NaHSO3 solution: (a) 0.05%; (b) 0.1%; (c) 0.3%. 
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Figure 11. Composition of the corrosion products formed on the anodes of the ACM sensor after the continuous spray tests at different concentrations of NaHSO3 solution. 
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Figure 12. (a) Real time ACM current, (b) the macro morphologies of the ACM sensor; (c) the variation of mass loss rate and average current of ACM sensor at 0.1% NaHSO3 concentration with different concentrations of NaCl solution. 
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Figure 13. Surface morphology of corrosion products formed on the anodes of the ACM sensor after the continuous spray tests of mixed solution at 0.1% NaHSO3 concentration, with different concentrations of NaCl solution: (a) 1%; (b) 3.5%; (c) 5%; (d) 7%. 
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Figure 14. Composition of corrosion products formed on the anodes of the ACM sensor after the continuous spray tests of mixed solution at 0.1% NaHSO3 concentration, and different concentrations of NaCl solution. 
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Figure 15. Relationship between the average current of the ACM sensor and corrosion rate of the corrosion coupons. 
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Table 1. Chemical composition of the Q235 carbon steel (mass%)
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	Materials
	C
	Si
	Mn
	S
	P
	Nb
	Ni
	Cr
	Fe





	Q235
	0.16
	0.08
	0.30
	0.02
	0.01
	0.01
	<0.01
	0.02
	In balance
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Table 2. Environmental factors used for the four simulated atmospheric environments in the laboratory
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	Simulated Environment
	Electrolyte Type and Concentration Gradient
	Electrolyte Temperature





	Pure atmosphere
	Deionized water
	35 °C/40 °C/45 °C



	Chloride ions
	1%/3.5%/5%/7% (NaCl)
	35 °C



	Sulfur dioxide
	0.05%/0.1%/0.3%/0.5% (NaHSO3)
	35 °C



	Combined pollutants
	0.05%/0.1%/0.3%/0.5% (NaCl) + 0.1% (NaHSO3)
	35 °C











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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