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Abstract

:

The effect of temperature (from 288 to 308 K) and concentration of sulfide ions (up to 40 ppm) on the corrosion behavior of AISI 304L and AISI 316L stainless steels in seawater was studied with measurements of open-circuit potential, linear and potentiodynamic polarization, and electrochemical impedance spectroscopy. An increase in temperature and pollutant concentration negatively affects the corrosion stability of stainless steels at the open circuit (the resistance, compactness, and thickness of the surface layer decrease and the corrosion current increases), in the passive region (the passivation current increases, the depassivation potential decreases, and the passive potential region narrows), and in the transpassive potential region (the rate of metal dissolution increases). The occurrence of pitting corrosion on the surface of the samples was confirmed with optical microscopy and a non-contact 3D profilometer. A few large pits (depth 80–100 μm and width 100 μm) were formed on the surface of AISI 304L steel, while several smaller pits (depth 40–50 μm and width 50 μm) were formed on the surface of AISI 316L steel. With increasing temperature and sulfide ion concentration, the width, depth, and density of the pits increased on both steel samples. In the studied temperature and concentration range of sulfide ions, the AISI 316L steels exhibited higher corrosion resistance. Overall, the influence of sulfide ions on steel corrosion was more pronounced than the influence of temperature.
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1. Introduction


Marine environments can be very challenging for metallic structural materials due to factors such as high salinity, water velocity, temperature, and biological activities [1,2,3,4,5]. The corrosion of alloys in seawater has serious effects on the reliability and service life of marine equipment, causing severe damage to structures, materials, equipment, port facilities, and ships, which is a major concern for scientists and engineers [6,7,8]. In addition to the adverse effects of chlorides and other halide ions naturally present in seawater, pollutants can also have a significant impact on the corrosion of metals.



Corrosion and pollution are interrelated processes, as many pollutants produced by burning fossil fuels accelerate corrosion, and corrosion products such as rust, oxides, and salts pollute water. Both processes negatively affect the quality of the environment and the durability of marine structures and building materials [7,9]. Pollution also leads to climate change, which can alter environmental conditions and increase the risk of corrosion failures, altered precipitation patterns, and the corrosiveness of coastal regions, with added stresses on marine systems [9,10]. Anthropogenic activities increase the generation of CO2, H2S, and NH3. Such contaminants may originate from natural geochemical processes, biological and bacteriological processes in seawater, and anthropogenic sources such as industrial waste discharge, oil and gas production, or scattered anoxic sediments [11,12,13,14]. Among these compounds, hydrogen sulfide (H2S) is a highly toxic compound that accelerates the deterioration of steel structures in a process known as sour water corrosion.



While hydrogen sulfide is always present in anaerobic seawater, studies have shown that sulfides are also widespread in aerobic surface waters, usually at concentrations 4–6 orders of magnitude lower than in anoxic regions. In both anaerobic and aerobic water, hydrogen sulfide occurs as a dissolved gas [H2S(g)], as its dissociated ions, bisulfite (HS2−) and sulfide (S2−), and as dissolved metal-sulfide complexes [12,13].



Metals and alloys used in oil and gas extraction and purification processes also suffer from severe corrosion due to the presence of sulfur-containing ions such as S2O32−, SO32−, S2O42−, and HS− together with H2S [1,2]. H2S is the most critical pollutant in seawater and can reach levels of 50 ppm or more in heavily polluted coastal or harbor waters [11]. Dissolved-free sulfides have been found to be very aggressive species towards many different metals and alloys, including various types of steels, copper and copper alloys, titanium and its alloys, etc. [11,15,16].



Syrett investigated the corrosion of Cu-Ni alloys in sulfide-contaminated seawater and found that the presence of dissolved sulfide in seawater leads to the formation of a porous copper sulfide corrosion product, which interferes with the normal growth of the protective oxide film and enables the initial high corrosion rate in aerated seawater [17]. Traverso et al. [18] studied the corrosion of CuNiFeMn alloys in sulfide-polluted and unpolluted natural seawater and found an accelerated corrosion attack at a sulfide concentration of 4 ppm. The presence of sulfur oxyanions deep in the corrosion layer leads to structural defects and the formation of poorly compact and porous corrosion product layers with low corrosion protection. Szprovwski [19] studied the corrosion of different types of steel in NaCl solution saturated with H2S and observed that saturation of the chloride solution with H2S gas further reduced the corrosion resistance of the steels since the presence of H2S impeded passivation and lowered the breakdown potentials of all the steels studied. Moreover, Dexter [20] observed that the pitting corrosion of low-carbon steels in the polluted seawater of San Diego Harbor in California, SAD, was several times higher than the corrosion that normally occurs in clean seawater [20].



Although most of the published research results indicate a negative influence of sulfides on the corrosion of metals and alloys, there are also those showing the opposite influence, namely the positive effects of sulfides inhibiting corrosion under certain conditions by the formation of protective iron sulfide layers [21]. For instance, Zhao et al. found that sulfide film on the steel surface prevents pitting and the corrosion resistance increases with immersion time [22].



Stainless steels are widely used in marine structures, so the study of their behavior in seawater is of great interest. Austenitic stainless steel grades 304 and 316 have excellent ductility, good strength, nonmagnetic properties, good weldability, and very good corrosion resistance, so these materials find widespread practical applications [23,24,25,26,27]. Grade 304 stainless steel is commonly used as a material for marine fittings, while grade 316 stainless steel (UNS S31600/S31603—commonly referred to as marine stainless steel) is used in about 90% of marine applications. The high corrosion resistance of austenitic stainless steels is a consequence of the natural formation of a protective passive oxide layer on their surface with a high Cr content and a thickness of 1–10 nm [28,29,30]. Although the resistance of passive films to general corrosion is relatively high, they are susceptible to localized attack. Pitting corrosion is the most common form of electrochemical damage to stainless steel, caused by the local breakdown of the surface passive layer.



The susceptibility of metals and alloys to pitting corrosion depends on factors such as temperature and environmental composition. As with chemical reactions, the rate of pitting corrosion increases with increases in electrolyte temperature. Indeed, a strong dependence of pitting potential on temperature has been found in previous studies on stainless steel, with higher pitting potentials observed at lower temperatures and lower pitting potentials at higher temperatures [31,32].



The presence of impurities such as sulfides and sulfur oxides in seawater has a negative effect on the passivation kinetics of stainless steel [33]. It has been suggested that sulfide and chloride may act synergistically in the film, with the integration of sulfide into the passive film facilitating further infiltration by chloride and promoting the formation of pits at surface inhomogeneities [34]. Mat and Newman [35] and later Marcus [36] proposed a mechanism by which sulfur species adsorbed on the pit surface maintain activity and retard repassivation, leading to the propagation of pits in stainless steels. Ding et al. [37] found that the passive film in Cl− solution without sulfide has a variation of p/n semiconductor type, which can provide good protection for the film. However, the passive film in H2S–Cl− solutions exhibits only an n-type semiconductor behavior, which tends to attract anions to the film and impair its protective effect. The n-type semiconductor in H2S–Cl− solutions is caused by the sulfidation of oxides on the film.



Although the mechanism of H2S-induced sour water corrosion of various alloys has been researched, some contradictory results and the high damage caused by corrosion in the presence of H2S provide the impetus for further research on this topic.



In this work, we combined the results of electrochemical measurements with the results of surface characterization, which included optical and SEM/EDS microscopy and 3D profilometry, to compare the corrosion behavior of 304L and 316L stainless steels in seawater at different temperatures and different concentrations of Na2S (10 and 40 ppm), to determine the form of corrosion attack, the depth of corrosion penetration into the material, and the elemental composition of corrosion products on the surface.




2. Materials and Methods


Stainless steel rods (AISI 304L and AISI 316L) with a diameter of 6 mm and a length of 150 mm were purchased from commercial sources (Ronsco, China) with the chemical composition listed in Table 1.



The preparation of the electrodes for the electrochemical measurements from the steel rods has been described previously [26]. Before each measurement, the working surface of the electrode was ground with abrasive paper to a grit size of 2500 using a Metkon Forcipol 1V grinding and polishing machine and then polished with a diamond polishing suspension Metkon Diapat M (particle size 1 μm). The final processing step before immersion in the electrolyte was a 5-min ultrasonic cleaning in ethanol and deionized water.



The seawater for this study was collected at Žnjan beach in the city of Split, Croatia (coordinates: 43.5018° N, 16.4763° E). The physical parameters of the seawater used as a test environment are listed in Table 2, and the chemical composition of the seawater is listed in Table 3.



To prepare seawater solutions with a sulfide content of 10 and 40 ppm, the mass of Na2S salt p.a. purity was calculated, weighed on an analytical balance, and, finally, dissolved in a given volume of seawater in a volumetric flask.



A three-electrode double-walled glass cell containing the working electrode, Ag/AgCl as the reference electrode, and a Pt-sheet counter-electrode was used for the electrochemical measurement. The Huber Kiss K6 cooling bath thermostat was connected to a cell to maintain the desired operating temperatures (288, 298, and 308 K).



An EG&G Princeton Applied Research Model 273A potentiostat-galvanostat was used for the electrochemical measurements along with a PAR M 5210 lock-in amplifier (Princeton, NJ, USA) for the electrochemical impedance measurements (EIS).



The open circuit potential (EOC) was recorded every 20 s after the working electrode was immersed in the electrolyte for 60 min. EIS measurements were performed at the EOC, with the voltage perturbation amplitude of 10 mV in the frequency range from 50 kHz to 30 mHz with 5 points per decade. Linear polarization resistance (LPR) measurements were recorded in a potential range of ±20 mV versus EOC with a scan rate of 0.2 mV s−1. Potentiodynamic polarization measurements (PD) were carried out with a scan rate of 1 mV s−1 starting from −250 mV versus EOC up to 800 mV. All electrochemical measurements were performed in triplicate to ensure the reproducibility of results.



The optical microscope MXFMS-BD (Ningbo Sunny Instruments Co., Ningbo, China) with 100× magnification was used to examine the corroded steel surfaces after the potentiodynamic polarization measurements, and the depth of pitting corrosion was examined with a Profilm3D 3D optical profilometer (KLA Corporation, Milpitas, CA, USA). Prior to these surface examinations, the electrode surfaces were immersed in deionized water, cleaned in an ultrasonic bath for 5 min, and then dried in a laboratory dryer at a temperature of 323 K.



The morphology of the corrosion products and the elemental composition in some characteristic areas of the sample surfaces were determined using a field emission scanning electron microscope (FEG SEM) Thermo Scientific Quattro S (FEG SEM, Hillsboro, OR, USA) connected to an EDS SDD Ultim®Max detector, Oxford Instruments, for semiquantitative analysis. For SEM/EDS analysis, the electrode surfaces were dried without ultrasonic cleaning.




3. Results and Discussion


3.1. Open Circuit Potential Measurement


Figure 1 shows the time dependence of the open circuit potential (EOC) for AISI 316L in seawater at different experimental conditions (different temperatures and different S2− concentrations).



The EOC is a result of the electrochemical reactions that take place at the stainless steel/seawater interface. As can be seen, the EOC value depends strongly on the experimental conditions: the composition of the stainless steel, the properties of the seawater (temperature and presence of S2− ions), and the immersion time. Immediately after immersion in seawater at 288 K, AISI 316L steel reaches a potential of ≈−45 mV, which becomes more positive with time (due to the formation and thickening of the protective passive film on the electrode surface) [38,39], and after about 10 min a more or less stable value of ≈−15 mV is established (Figure 1a). As the temperature of the seawater increases, the final EOC value becomes more negative.



It can also be observed that the presence of S2− ions (as seawater pollution) cause a significant shift of the potential toward more negative values (Figure 1b). Thus, it can be seen that an increase in concentration from 10 to 40 ppm of S2− ions in seawater at 298 K shifts the EOC up to 150 mV toward more negative values, from ≈−60 mV to ≈−200 mV.



Similar results are obtained for AISI 304L steel. With increasing seawater temperature in the range of 288–308 K, the final EOC value decreases from −100 mV to −170 mV. The presence of sulfide ions also changes the EOC value on the cathodic side from −120 mV (0 ppm S2−, 298 K) to −310 mV (40 ppm, 298 K).




3.2. Electrochemical Impedance Spectroscopy Measurements


EIS is considered one of the least destructive and most informative techniques for characterizing electrochemical reactions at the metal/electrolyte interface and monitoring the interfacial phenomena of corrosion product film formation and modulation.



The results of EIS measurements for AISI 316L stainless steel in seawater under different experimental conditions (temperature, presence of S2− ions) are shown in Figure 2 and Figure 3. These results were further analyzed by fitting them with a suitable electrical equivalent circuit (EEC).



In the Nyquist complex plane, an incomplete capacitive semicircle is observed whose diameter decreases with increasing temperature (Figure 2a) and concentration of sulfide ions (Figure 3a). In the Bode complex plane (Figure 2b and Figure 3b), the capacitive behavior of the studied systems is highlighted in a wide frequency range (at f < 1 kHz). The pronounced capacitive behavior is determined by a Bode line with a constant slope and phase angle with a broad peak and is the result of two overlapping time constants. This response indicates the formation of a surface film at the AISI 316L/seawater phase boundary.



The total impedance of the phase boundary decreases with increasing temperature (Figure 2b) and concentration of sulfide ions (Figure 3b). A similar behavior is shown in the sample of AISI 304L steel, indicating that the protective properties of the surface film are lower under all experimental conditions. The obtained results are in agreement with the data in the literature [14,21,25,40,41,42,43]. When steel is exposed to seawater and neutral solutions containing inorganic chloride, sulfide, and sulfate-reducing bacteria, many authors have obtained similar impedance responses, and in analyzing the results, the equivalent electric circuit (EEC) model with two relaxation time constants is often used to represent a thin corrosion product film formed on the metal surface. Figure 4 shows the EEC model used to fit the EIS data.



In the analysis of EIS results, the deviation of individual EEC elements from ideal behavior is described by the constant phase element (CPE), whose impedance, ZCPE, is given by equation [44,45]:


   Z  CPE   =     Q     j ω    n      − 1    



(1)




where ω is the angular frequency (ω = 2πf), j = √−1, while Q is a combination of properties mainly related to the electrode surface. The CPE exponent n can take different values from −1 to +1 and accordingly replaces different elements in the EEC. The most common cases are when CPE represents the capacitance (n = 1) and the diffusion process (n = 0.5) [44,45].



In the proposed EEC, Rel, Rf, and Rct are the electrolyte resistance (≈6 Ω cm2), surface film resistance, and change transfer resistance, respectively. Qf and Qct are the constant phase elements, which represent the capacitance of the surface film and electrochemical double layer, respectively, based on the corresponding parameter n. The calculated EEC parameters for the studied samples in seawater at different temperatures and concentrations of S2− ions are shown in Table 4.



The results obtained show that the experimental conditions (temperature and presence of S2− ions) reduce the stability of the surface layer and favor the corrosion of the steel, which is more pronounced in the AISI 304L sample. The data in Table 4 confirm that the dynamics of the changes in EEC parameters (Rct, Rf, Qct, and Qf) are the same for both steel samples under different experimental conditions. Let us now consider the data for the AISI 316L sample.



The values of Rct and Rf are high at 182.85 kΩ cm2 and 113.57 kΩ cm2, respectively, at 288 K, which is due to the formation of a stable and compact surface film. As the temperature increases, the resistances Rct and Rf decrease significantly and are 102.04 kΩ cm2 and 57.34 kΩ cm2 at 308 K, respectively. This indicates that an increase in temperature has a strong effect on the thermodynamic stability of the oxide film. Apparently, the accelerated corrosion rates associated with higher temperatures increasingly perturbed the interface, resulting in a less ordered, more porous, and less protective corrosion product layer [46,47].



The above changes lead to an increase in the rates of interfacial reactions that favor the corrosion of steel in seawater. This is confirmed by the fact that the thickness of the surface film (which is proportional to 1/Qf) increases slightly with temperature while the thickness of the double layer (1/Qdl) decreases.



The presence of sulfide ions significantly increases the corrosion of steel in seawater (possibly due to the synergistic effect of the aggressive anions S2− and Cl−). Thus, the Rf value for AISI 316L in a 40 ppm sulfide-containing medium (at 298 K) is ≈14 kΩ cm2, which is 60% lower than the value in pure seawater, i.e., ≈90 kΩ cm2. The decrease in Rct value is even more pronounced. Rct in 40 ppm sulfide-containing seawater is ≈50 kΩ cm2 compared to ≈150 kΩ cm2 in pure seawater (so the decrease is more than 70%). On the other hand, Qdl and Qf increase dramatically while the corresponding parameters n1 and n2 decrease (i.e., the thickness and compactness of these films decrease).



The obtained results are consistent with the data in the literature, where many researchers have studied the effects of sulfide (including inorganic [13,14,15,21,48,49,50,51,52,53,54] and biogenic sulfide by SRB [15,39,40,41,42,54,55,56,57]) on the corrosion behavior of various stainless steels in seawater under different experimental conditions. EIS measurements show that small amounts of dissolved free sulfide (i.e., H2S, Na2S, HS−, and S2−) cause a significant decrease in the overall resistance and an increase in the capacity of stainless steels [14,15,41,49,50,51,52,53,58]. Moreover, sulfides cause similar behavior in other media (cooling water, hydrocarbons). For example, Ge et al. indicate that the addition of sulfide (up to 9 mM) to simulated cooling water causes a rapid reduction in impedance. The film resistance decreases from 13.01 to 0.30 MΩ cm2 within 1 h [50].



These results are attributed to the detrimental effect of sulfide ions on the integrity and protective properties of the corrosion product film due to the transformation of iron oxides to iron sulfides [15,39,40,41,48,51,54,55,56,57]. In other words, the sulfidation of the passive film leads to a decrease in the Rf value, and the faster the sulfidation process proceeds, the lower the resistance of the passive film.




3.3. Polarization Measurements


After stabilizing the stainless steels in seawater (at different conditions), the polarization resistance Rp was determined using the linear polarization resistance (LPR) method. Since the potential disturbance in this method is very small (only ±20 mV around the EOC), LPR is essentially a nondestructive method, which is the main advantage over other DC corrosion measurement methods. The results of the LPR measurements for AISI 316L are shown in Figure 5.



As can be seen, a linear relationship between the applied potential and the current response (linear i-E dependence) was obtained in all measurements. Depending on the experimental conditions, i.e., the temperature of the fresh seawater as well as the presence of S2− ions in the seawater, the slope of the linear dependencies changes. The i-E slope defines the polarization resistance of the tested system, Rp:


   R p  =   Δ E   Δ i    



(2)







A decrease in the i-E slope corresponds to a decrease in the value of Rp (Table 5). Since this is consistent with the Stern–Geary equation, the corrosion current icorr is inversely proportional to the polarization resistance [58]:


   i  corr   =    b a   b c    2  . 303     b a  +  b c       1   R p    =  B   R p     



(3)







A decrease in polarization resistance indicates an acceleration of corrosion rate and vice versa (ba and bc are the anodic and cathodic Tafel slopes, respectively). An increase in seawater temperature and contaminant concentration adversely affects the corrosion stability of AISI 304L and AISI 316L stainless steel. Similar results were obtained for both steel samples. Table 4 shows that Rp decreases twofold with increasing temperature and fourfold with increasing sulfide ion concentration.



The general corrosion behavior of AISI 304L and AISI 316L steels in seawater at different conditions was investigated by recording the potentiodynamic polarization curves (PD) over a wide potential range. Figure 6 shows the results for AISI 316L steel in seawater at different temperatures and concentrations of S2− ions. The corresponding polarization parameters are listed in Table 5. Both stainless steel samples show similar polarization behavior. Since inert gas did not flow through the solution and the cell was not hermetically sealed, the cathodic branch of the polarization curve most likely describes the reduction in water and dissolved oxygen.



A potentiodynamic polarization curve is usually presented in a semi-logarithmic diagram and consists of cathodic and anodic curves, which are the result of electrochemical reactions in the system. The polarization curves in Figure 6 show clear evidence of an active–passive transition, as expected for stainless steels in seawater environments. Accordingly, three potential regions can be observed on the anodic branch of the polarization curves (potentials more positive than Ecorr): active, passive, and metal depassivation regions. In the active potential region, the steel samples dissolve and release metal ions to the seawater, and the current increases exponentially with increasing potential (i.e., a linear relationship log i-E is observed on the PD curve). In seawater, the metal ions come into contact with the OH− ions (formed by the ionization of water) and form hydroxides that cover the steel surface, which further slows down the metal dissolution. During dehydration, the metal hydroxide transforms into the corresponding oxide.



During further anodic polarization, the rate of dissolution of the metal becomes equal to the rate of oxide film formation, and a passivation current (ip) is established. By further increasing the potential, the rate of the dissolution of the metal significantly slows down the process of oxide film formation. Eventually, the entire surface of the metal is covered with a passive film, and a more or less defined “current plateau” forms on the PD curve. The “current plateau” (the independence of the current from the potential in the potentiodynamic conditions of the experiment) is associated with the growth (thickening) of the passive film by ionic conductivity, which involves a transport process driven by the electric field in the oxide layer [59].



The starting point for the analysis of the PD curves is the corrosion potential (Ecorr) and its corresponding corrosion current density (icorr). With increasing temperature, the Ecorr of both steels shifts very slightly into the negative range, while the icorr increases (Table 5). Although the influence of the temperature increase (from 288 to 308 K) on the Ecorr shift is almost insignificant (≈20 mV), the icorr actually increases twice (from 1.89 to 3.36 µA cm−2 for AISI 304L and from 0.95 to 1.86 µA cm−2 for AISI 316L). Increasing the temperature from 288 to 308 K resulted in a significant increase in current densities in the active anodic and passive regions, while the cathodic effect was not very pronounced. In addition, higher temperatures did not have a pronounced effect on the corrosion potentials but significantly lowered the primary passive potentials, decreased the passive potential range, and reduced the pitting potentials. All these results (Table 5) clearly show that temperature adversely affects the corrosion behavior of AISI 304L and AISI 316L stainless steels, which is consistent with the data in the literature for seawater and other aggressive environments [31,32,46,47,48,49,60,61]. The temperature was found to affect pitting potential values more than chloride concentration. Moreover, an increase in temperature up to 90 °C in Cl− ion-containing electrolytes decreased the pitting potential by more than 200 mV [31,61].



In the active potential range, the presence of S2− ions (up to 40 ppm) shifted Ecorr by ≈100 mV on the active (cathodic) side for both samples and increased the icorr more than twice (from 2.56 to 5.85 µA cm−2 for AISI 304L and from 1.26 to 3.20 µA cm−2 for AISI 316L). Moreover, in the passive potential region, the presence of S2− ions increased the current densities in the passive and transpassive regions and significantly lowered the primary passive potentials, the passive potential region, and the pitting potentials, which were observed with increasing temperature. This suggests that the presence of S2− ions negatively affects the corrosion behavior of stainless steels in saltwater environments.



As already mentioned, this effect was observed in the presence of inorganic sulfide [13,14,15,48,49,50,51,52,53,54] and in the presence of biogenic sulfide (known in the literature as SRB) [15,39,40,41,52,54,55,56,57] in various media (seawater, artificial seawater, aggressive environments with Cl− ions, then in artificial wastewater, in the oil industry, etc.).



In investigating the corrosion behavior of AISI 304L steel, Yuan et al. found that the Ecorr of specimens in artificial seawater remains fairly constant (about −0.17 V), while icorr, after 42 days of exposure, shows a slight decrease (from 3.9 to 3.2 µA cm−2) due to the formation of conditioning layers and passive oxide layers. However, under the influence of inorganic sulfide ions, Ecorr experiences a negative shift of about 100 mV (−0.28 V), while icorr is about twice as large (about 8.3 µA cm−2) [15]. The increased corrosion rate of stainless steels is mainly due to the accelerated conversion of metal oxides to metal sulfides by the inorganic sulfide, which has been confirmed by various surface analysis techniques [15,48,51,54]. However, the conversion of metal oxides to metal sulfides by inorganic sulfide is slower than by biogenic sulfide (in the presence of active SRB) [15,54]. In the literature, organic sulfides and corrosive sulfide intermediates have been found to be involved in the sulfurization process using biogenic sulfides [15,40,41,54,55,56,57]. Despite extensive research, the mechanism of the complex action of biogenic sulfides is still not fully understood.



The results for AISI 316L show that in the temperature range 288 to 308 K, the passivation current rises from ≈2 to ≈7.5 μA cm−2, while the addition of 10 ppm sulfide causes an increase in ip from ≈4 to ≈9 μA cm−2 (Table 5). When 40 ppm of sulfide is added, ip increases to ≈20 μA cm−2, which is about five times higher than the ip value in the system free of sulfide. When testing 316L stainless steel in simulated cooling water containing various sulfide concentrations, a significant increase in ip was also observed (an increase in sulfide ion concentration up to 9 mM increases ip twofold, from ≈13 to ≈24 μA cm−2) [50]. Namely, in a sense, ip reflects the rate of penetration of corrodent through the passive film. Its increase indicates the deterioration of the protective performance of the passive film and illustrates that the sulfide has changed the performance of the passive film. Marcus [62] suggested that sulfide can weaken the binding energy of the metal–metal bonds on the surface, leading to an increase in the anodic dissolution rate of the metal. That is, the presence of sulfide lowers the activation energy of the metal dissolution reaction and accelerates the anodic dissolution process of the metal. Moreover, as mentioned earlier, the addition of sulfide leads to a significant reduction in corrosion potential. Further polarization leads to the pitting or depassivation potential (Edp), which becomes more negative with increasing temperature and seawater pollution (i.e., the presence of S2− ions) in the steel specimens studied (Table 5). At the Edp, degradation of the passive layer and local metal dissolution occurs, which is accompanied by a sudden increase in the anodic current.



Since the Ecorr value of the steels studied depends on the experimental conditions (Table 5), the range of passive potential is more precisely determined by the potential difference, given as ΔE = Edp − Ecorr, which decreases for both samples with increasing temperature and sulfide ion concentration. In agreement with the literature, the potential difference Edp − Ecorr (denoted as ΔE, representing the range of passive potentials) is indicative of the pitting initiation rate; the higher it is, the slower the pitting initiation rate [63,64].



Table 5 contains the values of the corrosion rate vcorr (expressed in millimeters per year; mm/y) calculated using the following equation:


   v  corr   =    i  corr   M   ρ F z    



(4)




where M is the molar mass of the corroding species, ρ is the density of the corroding species, F is the Faraday constant, and z is the electron number. In calculating the corrosion rate, the data for ρ, M, and z were determined based on the percentage of the main elements in AISI 304L (Fe and Cr) and AISI 316L (Fe, Cr, Mo) steel [65]. The corrosion rate of both steels increased with increasing temperature and concentration of sulfide ions, with the AISI 316L steel exhibiting a lower corrosion rate. The literature data for vcorr vary considerably. For example, Adebayo et al. recorded as much as ten times higher values for vcorr (≈0.72 mm y−1) in chloride solutions saturated with H2S at 298 K [53], which is probably a consequence of a higher concentration of S2− ions, while Malik et al. found as much as ten times lower values (≈0.005 mm y−1) [60] (which is a consequence of the much lower concentration of Cl− ions compared to the conditions in this work; seawater).




3.4. Surface Analysis


After impedance measurements (at EOC) and after anodic polarization measurements (which ended at 0.8 V) in seawater at 298 K, the steel surfaces were examined by SEM/EDS analysis, and the results obtained are shown in Figure 7 and Table 6. It should be emphasized that corrosion products were not removed from the surface of the samples after the electrochemical measurements.



Exposure of AISI 304L to seawater results in damage to most of the surface, which is covered with coarse deposits of corrosion products and NaCl (according to EDS analysis). In contrast, under the same conditions, the surface layer of AISI 316L is smooth and even and shows almost no signs of the corrosion process. It should be noted that anodic polarisation produces a rough surface morphology of corrosion products over the damaged AISI 304L steel. On the AISI 316L specimen, there are several small damages, such as pits, covered by a fine layer of corrosion products.



EDS analysis of total surface area AISI 304L and AISI 316L steels in seawater under EIS and PD measurements show the presence of Fe, Cr, Mn, Ni, and Si (as the main alloying elements), then the presence of Na, Mg, Cl, K, Ca, and O (as constituents of seawater). The presence of oxygen indicates that the surfaces of both samples are covered with a protective oxide layer. Compared to AISI 304L, a higher O content and an almost negligible percentage of Na and Cl were found on the surface of AISI 316L, while the other elements were consistent with the original composition of the alloy (Table 1). This additionally confirms the fact that the oxide layer on the AISI 316L sample is more resistant to chloride adsorption and ingress and has a better corrosion property. Indeed, the highly perturbed surface of the AISI 304L can be related to the high chloride affinity of the oxide layer.



In the literature, the general opinion is that the surface oxide layer on stainless steel is very thin (order of a few nm [66,67,68,69,70]) and consists mainly of a mixture of iron and chromium oxides/hydroxides, and in some cases, also contains small amounts of molybdenum oxide [68,69,70].



Results of electrochemical measurements are attributed to the detrimental effect of sulfide ions on the integrity and protective properties of the corrosion product film due to the transformation of iron oxides into iron sulfides [15,39,40,41,48,51,54,55,56,57]. This statement is confirmed by the SEM/EDS analysis performed on both steel samples under different experimental conditions in seawater with 40 ppm S2− ions at 298 K. The obtained results are shown in Figure 8 and Figure 9 and Table 7 and Table 8 (the layers of corrosion product were not removed from the surface of the sample product).



Compared to pure seawater (Figure 7), the surface of both samples in the presence of sulfide ions exhibits a rougher morphology, with individual steel areas covered with higher quantities of corrosion products. These changes are particularly pronounced after polarization measurements on a sample of AISI 304L steel.



EDS analysis of the different parts of the AISI 304L and AISI 316L surface after EIS and PD measurements (positions 1–6) shows significant changes in the elemental composition, especially in Fe, Cr, and other basic elements of the alloy, the content of which has decreased significantly due to the dissolution. In parallel with these changes, a decrease in O content and an increase in S content were observed. The changes on the surface are again greatest for the AISI 304L sample after the measurements of PD. To determine the condition of the surface under the corrosion products after the potentiodynamic polarization measurements, the layers of corrosion products were removed from the steel specimens with ultrasonic cleaning in deionized water. The occurrence of pitting corrosion (density, depth, and width of pits) on the surface of the samples was confirmed with optical microscopy and a non-contact 3D profilometer. The light microscopy results are shown in Figure 10 and Figure 11.



The pits on the surfaces of both types of stainless steel can be clearly seen in these figures. It should be noted that the AISI 304L steel has larger pits at the same seawater temperature, confirming that the AISI 304L stainless steel is more susceptible to pitting corrosion compared to the AISI 316L steel.



The introduction of sulfide ions into seawater leads to a change in the shape and size of the pits and their size, which become larger in AISI 304L stainless steel (Figure 11a), while in AISI 316L, the number of pits on the alloy surface increases (Figure 11b).



More accurate information about the surface topography was obtained by profilometric measurements, as shown in Figure 12. The technique of non-contact 3D profilometer analysis provides an ideal, user-friendly way to maximize surface examination when pitting analysis is required, along with the advantages of combined 2D and 3D capability [71].



The size, shape, and density of the pits were strongly affected by the type of stainless steel studied and the experimental conditions, e.g., seawater temperature and S2− ion concentrations. Anodic polarization of AISI 304L steel led to the development of a few pits with an average depth of 80–100 μm and width of about 100 μm (Figure 12a). Under the same conditions, on the surface of AISI 316L steel, the number and density of pits increased, but their depth and width decreased. As shown in Figure 12b, pits with an average depth of 40–50 μm and a width of 50 μm are formed on the surface of AISI 316L steel.



The effect of seawater temperature on pit size is shown in Figure 13 for AISI 304L stainless steel. At 288 K, the scanned pit has a diameter of 10–25 µm and a maximum depth of 50 µm (Figure 13a). The situation worsens with increasing temperature, and at 298 K (Figure 13b), the depth and width of the pit increase to 70 µm and 100 µm, respectively. The situation was the worst at 308 K (Figure 13c), where the pit width and depth remained the same as at 298 K, but the number of pits on the surface increased. In general, it can be said that an increase in temperature does not affect the depth of the pits (at all temperatures, pits have a depth of about 50–70 μm). However, the number of pits as well as their width, increase significantly (for example, at a temperature increase from 288 to 308 K, the width of the pit increases fourfold, from 25 to 100 µm).



Figure 14 shows the analysis of pitting damage on the steel surfaces of AISI 304L after the potentiodynamic polarization method in polluted seawater with 10 ppm and 40 ppm of S2− ions. The presence of sulfide at a concentration of only 10 ppm leads to the formation of pits with a depth of about 90 µm and a diameter of up to 200 µm, which is almost twice as large as the dimensions without S2− ions. When the sulfide ion concentration is further increased, the size of the pits does not change, but their number increases slightly.



The deterioration of corrosion resistance of stainless steel exposed to polluted seawater can be explained by the mechanism described in the literature [13,21,71,72]. The proposed mechanism involves the adsorption of S2− ions on the surface, which prevent the growth of the passivation film and increase its defectiveness. In this way, the adsorbed sulfide interacts with cations in the passive film on the surface and leads to the formation of sulfur-containing second phases, which results in an increase in the defect concentration of this layer (VM″) and, consequently, its ionic conductivity and ionic current density through the oxide [14,21,71,72]:


   M M ″  +   HS   ads  −  →   MHS   ads  +  +  V M ″   



(5)






    MHS   ads  +  →   MS   1 − x   +   xHS  −  +  ( 1  −    x ) H   +   



(6)







Moreover, the reaction described above leads to local acidification and, thus, to an increase in the dissolution rate of the passivation layer. The local acidification is so efficient that the primary passive film is dissolved and active sulfide-mediated dissolution of the metal occurs, as has been proposed for acidic solutions containing H2S [14,21,73,74]:


  M +   HS  −  →   MHS   ads   +  e −   



(7)






    MHS   ads   →   MHS   ads  +  +  e −   



(8)






    MHS   ads  +  →  M  aq   2 +   +   HS  −   



(9)









4. Conclusions


In the present work, the effect of temperature and concentration of sulfide ions on the corrosion behavior of AISI 304L and AISI 316L stainless steels in seawater was studied. The results can be summarized as follows.



The corrosion resistance of 304L and 316L stainless steels at EOC is due to the formation of a natural surface film. It was found that the stability (resistance, compactness, and thickness) of the surface film decreases with increasing temperature and sulfide ions. In addition, sulfurization of the surface film most likely occurs in the presence of sulfide ions.



An increase in seawater temperature and pollutant concentration has a negative effect on the corrosion stability of stainless steel; therefore, the corrosion potential shifts toward the cathodic side, and the corrosion current increases. In the passive potential region, the passivation current increases, the depassivation potential decreases, and the passive potential region narrows.



The occurrence of pitting corrosion on the surface of stainless steel was confirmed with non-contact 3D profilometer analysis. Fewer large pits (depth 80–100 μm and width 100 μm) are formed on the surface of AISI 304L steel, while a larger number of smaller pits (depth 40–50 μm and width 50 μm) are formed on the surface of AISI 316L steel. With increasing temperature and sulfide ion concentration, the width, depth, and density of the pits increase in both steel samples.



In the observed temperature range (from 288 to 308 K) and sulfide ion concentration (up to 40 ppm), the AISI 316L steels exhibit higher corrosion resistance. The influence of sulfide ions on steel corrosion is more pronounced than the influence of temperature.
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Figure 1. Open circuit potential curves for AISI 316L stainless steel in seawater at different (a) temperatures and (b) S2− concentrations (at 298 K). 
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Figure 2. (a) Nyquist and (b) Bode diagrams for AISI 316L in seawater at different temperatures. 






Figure 2. (a) Nyquist and (b) Bode diagrams for AISI 316L in seawater at different temperatures.



[image: Applsci 13 04366 g002]







[image: Applsci 13 04366 g003 550] 





Figure 3. (a) Nyquist and (b) Bode diagrams for AISI 316L in seawater in the presence of S2− ions at 298 K. 
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Figure 4. Electrical equivalent circuit (EEC) model used to fit the EIS data. 
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Figure 5. Linear parts of polarization curves for AISI 316L stainless steel in seawater at different (a) temperatures and (b) S2− concentrations (at 298 K). 
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Figure 6. Potentiodynamic polarization curves for AISI 316L stainless steel in seawater at different (a) temperatures and (b) S2− concentrations (at 298 K). 
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Figure 7. SEM image after impedance measurements for (a) AISI 304L and (b) AISI 316L and after anodic polarization measurements for (c) AISI 304L and (d) AISI 316L in seawater at 298 K. 
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Figure 8. SEM image after impedance measurements for (a) AISI 304L and (b) AISI 316L in seawater with 40 ppm S2− ions at 298 K with marked parts of EDS analysis (yellow numbers). 
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Figure 9. SEM image after potentiodynamic polarization measurements for (a) AISI 304L and (b) AISI 316L in seawater with 40 ppm S2− ions at 298 K with marked parts of EDS analysis (yellow numbers). 
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Figure 10. Optical micrographs for AISI 304L after potentiodynamic polarization measurements in seawater at (a) 288 K and (b) 308 K and for AISI 316L at (c) 288 K and (d) 308 K (100× magnification). 
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Figure 11. Optical micrographs after potentiodynamic polarization measurements in seawater at 298 K in the presence of 10 ppm of S2− for (a) AISI 304L and (b) AISI 316L (100× magnification). 
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Figure 12. Topographic view of the segment of corroded surfaces in seawater at 298 K after potentiodynamic polarization measurement for (a) AISI 304L and (b) AISI 316L. The depth and width of pits are determined along the red lines. 






Figure 12. Topographic view of the segment of corroded surfaces in seawater at 298 K after potentiodynamic polarization measurement for (a) AISI 304L and (b) AISI 316L. The depth and width of pits are determined along the red lines.



[image: Applsci 13 04366 g012]







[image: Applsci 13 04366 g013 550] 





Figure 13. Topographic view of the segment of the corroded AISI 304L surface after potentiodynamic polarization measurement in seawater at (a) 288 K, (b) 298 K, and (c) 308 K. The depth and width of pits are determined along the red lines. 
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Figure 14. Topographic view of the segment of the corroded AISI 304L surface after potentiodynamic polarization measurement in seawater at 298 K with (a) 10 ppm of S2− and (b) 40 ppm of S2−. The depth and width of pits are determined along the red lines. 
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Table 1. Chemical composition of investigated stainless steels (in wt.%).
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	Sample
	Cr
	Ni
	Mn
	Mo
	Si
	Cu
	C
	Fe





	AISI 304L
	16.76
	8.66
	2.23
	0.11
	0.52
	0.38
	0.03
	71.58



	AISI 316L
	16.47
	10.54
	1.16
	2.53
	0.47
	0.27
	0.002
	68.55
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Table 2. The physical parameters of the seawater used for the experiments.
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	Medium
	pH
	Conductivity

(mS cm−1)
	Salinity

(ppt)
	Dissolved Oxygen

(mg L−1)





	Seawater
	8.10
	57.7
	38.5
	5.4










[image: Table] 





Table 3. The approximate chemical composition of seawater (main ions).






Table 3. The approximate chemical composition of seawater (main ions).





	Ions
	Cl−
	Na+
	SO4−
	Mg2+
	Ca2+
	K+
	Br−
	Sr2+
	F−





	mg L−1
	21846
	12168
	2958
	1409
	453
	439
	74
	9
	1
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Table 4. Parameters of the equivalent circuit for AISI 304L and AISI 316L stainless steel in seawater at different temperatures and S2− concentrations (at 298 K).






Table 4. Parameters of the equivalent circuit for AISI 304L and AISI 316L stainless steel in seawater at different temperatures and S2− concentrations (at 298 K).





	
T

(K)

	
Qf × 106

(Ω−1 sn cm−2)

	
n1

	
Rf

(kΩ cm2)

	
Qdl × 106

(Ω−1sn cm−2)

	
n2

	
Rct

(kΩ cm2)






	

	
AISI 304L




	
288

	
65.32

	
0.93

	
88.34

	
54.39

	
0.95

	
135.63




	
298

	
64.22

	
0.91

	
76.56

	
58.53

	
0.96

	
102.31




	
308

	
60.47

	
0.85

	
40.21

	
62.76

	
0.93

	
74.37




	
10 ppm S2−

	
81.76

	
0.79

	
32.38

	
70.11

	
0.85

	
69.15




	
40 ppm S2−

	
387.28

	
0.68

	
7.61

	
189.63

	
0.71

	
35.18




	

	
AISI 316L




	
288

	
53.41

	
0.94

	
113.57

	
40.28

	
0.95

	
182.85




	
298

	
53.05

	
0.94

	
89.61

	
43.33

	
0.95

	
140.76




	
308

	
47.11

	
0.91

	
57.34

	
49.17

	
0.94

	
102.04




	
10 ppm S2−

	
62.15

	
0.86

	
47.36

	
55.53

	
0.89

	
95.01




	
40 ppm S2−

	
270.48

	
0.71

	
13.71

	
140.72

	
0.75

	
47.78
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Table 5. Corrosion parameters for the stainless steels AISI 304L and AISI 316L in seawater at different temperatures and different Na2S concentrations (at 298 K).
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T

(K)

	
Ecorr

(V)

	
icorr

(µA cm−2)

	
ip

(µA cm−2)

	
Edp

(V)

	
Edp − Ecorr

(V)

	
Rp

(kΩ cm2)

	
vcorr

(mm y−1)






	

	
AISI 304L




	
288

	
−0.18

	
1.89

	
3.27

	
0.40

	
0.58

	
212.79

	
0.0195




	
298

	
−0.18

	
2.56

	
7.84

	
0.34

	
0.52

	
167.15

	
0.0265




	
308

	
−0.20

	
3.36

	
13.94

	
0.24

	
0.44

	
116.05

	
0.0347




	
10 ppm S2−

	
−0.23

	
3.95

	
14.35

	
0.30

	
0.53

	
101.99

	
0.0408




	
40 ppm S2−

	
−0.28

	
5.85

	
31.53

	
0.21

	
0.49

	
46.38

	
0.0605




	

	
AISI 316L




	
288

	
−0.11

	
0.95

	
1.89

	
0.57

	
0.68

	
284.24

	
0.0099




	
298

	
−0.12

	
1.26

	
4.10

	
0.48

	
0.60

	
209.32

	
0.0132




	
308

	
−0.13

	
1.86

	
7.53

	
0.42

	
0.55

	
149.82

	
0.0194




	
10 ppm S2−

	
−0.18

	
2.24

	
9.21

	
0.34

	
0.52

	
145.84

	
0.0234




	
40 ppm S2−

	
−0.23

	
3.20

	
19.57

	
0.28

	
0.51

	
62.65

	
0.0334
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Table 6. Average elemental composition of the entire surface for AISI 304L and AISI 316L after impedance (EIS) and potentiodynamic polarization (PD) measurements in seawater at 298 K.
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AISI 304L

	
AISI 316L




	
Element (wt.%)

	
EIS

	
PD

	
EIS

	
PD






	
O

	
2.80

	
2.38

	
5.79

	
4.33




	
Na

	
15.08

	
11.34

	
-

	
1.85




	
Mg

	
1.38

	
1.05

	
-

	
0.45




	
Si

	
0.42

	
0.34

	
0.04

	
0.44




	
Cl

	
7.14

	
5.04

	
0.07

	
1.10




	
Cr

	
13.77

	
14.78

	
16.36

	
16.42




	
Mn

	
0.99

	
1.15

	
1.11

	
1.00




	
Fe

	
52.67

	
57.50

	
67.91

	
64.91




	
Ni

	
5.75

	
6.02

	
7.43

	
7.25




	
Mo

	
-

	
-

	
1.92

	
2.25




	
K

	
-

	
0.19

	
-

	
-




	
Ca

	
-

	
0.21

	
-

	
-




	
Total

	
100.00

	
100.00

	
100.00

	
100.00
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Table 7. Elemental composition on marked parts of the surface of AISI 304L and AISI 316L steels after impedance measurements in seawater with 40 ppm S2− ions at 298 K.
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AISI 304L

	
AISI 316L




	
Element (wt.%)

	
1

	
2

	
3

	
4

	
1

	
2

	
3

	
4






	
O

	
1.90

	
1.06

	
0.87

	
1.88

	
8.73

	
3.65

	
2.76

	
2.71




	
Na

	
13.31

	
15.67

	
2.14

	
2.05

	
20.21

	
20.53

	
1.28

	
4.53




	
Mg

	
1.36

	
0.55

	
-

	
-

	
3.67

	
1.29

	
1.17

	
-




	
Si

	
0.40

	
0.38

	
0.47

	
0.47

	
0.14

	
0.27

	
0.32

	
0.34




	
S

	
0.25

	
0.28

	
0.08

	
0.08

	
3.27

	
0.66

	
0.62

	
0.51




	
Cl

	
5.46

	
5.73

	
0.70

	
0.62

	
18.16

	
9.97

	
0.60

	
1.70




	
Cr

	
15.04

	
14.63

	
17.84

	
17.65

	
8.53

	
12.77

	
17.05

	
16.06




	
Mn

	
0.97

	
1.38

	
1.25

	
1.41

	
0.69

	
1.72

	
1.23

	
1.28




	
Fe

	
56.91

	
54.33

	
68.50

	
68.16

	
30.44

	
42.45

	
64.60

	
61.76




	
Ni

	
5.76

	
5.99

	
8.15

	
7.68

	
4.06

	
5.77

	
8.71

	
8.71




	
Mo

	
-

	
-

	
-

	
-

	
0.75

	
0.76

	
1.66

	
2.40




	
K

	
-

	
-

	
-

	
-

	
0.65

	
0.16

	
-

	
-




	
Ca

	
.

	
-

	
-

	
-

	
0.70

	
-

	
-

	
-




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00
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Table 8. Elemental composition on marked parts of the surface of ALSI 304L and AISI 316L steels after potentiodynamic polarization measurements in seawater with 40 ppm S2− ions at 298 K.






Table 8. Elemental composition on marked parts of the surface of ALSI 304L and AISI 316L steels after potentiodynamic polarization measurements in seawater with 40 ppm S2− ions at 298 K.





	

	
AISI 304L

	
AISI 316L




	
Element

(wt.%)

	
1

	
2

	
3

	
4

	
5

	
6

	
1

	
2

	
3

	
4






	
O

	
0.58

	
0.65

	
0.77

	
0.63

	
2.65

	
2.36

	
1.69

	
2.45

	
3.15

	
3.36




	
Na

	
28.69

	
28.75

	
29.87

	
36.11

	
6.67

	
5.78

	
34.71

	
34.92

	
4.96

	
3.26




	
Mg

	
0.88

	
0.98

	
0.71

	
-

	
1.22

	
0.77

	
0.43

	
1.72

	
-

	
-




	
Si

	
-

	
0.16

	
0.17

	
-

	
0.41

	
0.51

	
-

	
-

	
0.30

	
0.30




	
S

	
3.41

	
3.70

	
2.45

	
2.04

	
0.69

	
0.35

	
0.26

	
0.54

	
0.05

	
0.07




	
Cl

	
38.83

	
47.98

	
44.25

	
37.22

	
2.29

	
1.93

	
25.76

	
38.75

	
1.60

	
1.18




	
Cr

	
4.06

	
4.70

	
4.20

	
4.99

	
16.05

	
16.76

	
7.14

	
4.38

	
16.55

	
16.50




	
Mn

	
0.62

	
0.55

	
0.32

	
0.51

	
1.27

	
1.04

	
0.38

	
-

	
1.05

	
1.41




	
Fe

	
12.00

	
9.82

	
15.67

	
16.69

	
62.30

	
63.72

	
24.74

	
14.81

	
63.63

	
64.88




	
Ni

	
1.41

	
0.87

	
1.36

	
1.80

	
6.46

	
6.78

	
3.60

	
1.94

	
7.01

	
7.21




	
Mo

	
-

	
-

	
-

	
-

	
-

	
-

	
0.74

	
0.30

	
1.68

	
1.84




	
K

	
-

	
0.39

	
-

	
-

	
-

	
-

	
0.38

	
0.41

	
-

	
-




	
Ca

	
1.52

	
1.46

	
0.23

	
-

	
-

	
-

	
0.19

	
0.29

	
-

	
-




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00
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