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Abstract

:

Anodic and spontaneous corrosion of different types of stainless steel (AISI 304L, AISI 316L and 2205 DSS) in phosphate-buffered saline solution (PBS, pH = 7.4) at 37 °C (i.e., in simulated physiological solution in the human body) were examined using open circuit potential measurements, linear and cyclic polarization, and electrochemical impedance spectroscopy methods. After the anodic and spontaneous corrosion, the surface of the tested samples was investigated by light and scanning electron microscopy (SEM) with EDS analysis. It has been established that the tendency of the examined steel materials towards local corrosion decreases in the order: AISI 304L < AISI 316L < 2205 DSS. Namely, the possibility of repassivation and the resistance to local corrosion increases in the same order. The corrosion resistance of steel samples at open circuit potential is a consequence of forming a natural oxide film with a bi-layer structure and consists of an inner barrier and an outer porous film. The inner barrier film has a small thickness and extremely high resistance, while the outer porous film is much thicker but also has significantly lower resistance. The inner barrier layer mainly prevents corrosion of examined steel samples in order: AISI 304L < AISI 316L < 2205 DSS. Light microscopy and SEM/EDS analysis after pitting and spontaneous corrosion showed damage on the AISI 304L and AISI 316L surface, while the surface of 2205 DSS was almost undamaged by corrosion.
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1. Introduction


Stainless steel (SS), and more recently Ti and its alloys and cobalt–chromium alloys, have been used as materials for medical implants and prostheses for a relatively long period due to their low elasticity modulus, good biocompatibility, good strength, ductility, and high hardness [1,2,3]. The significant areas of use of these materials include bone fixations and implants, cardiovascular implants (stents), urologic, and dental implants. In orthodontic practice, stainless steel is used extensively for arch wires, brackets, bands, and hooks [4]. The first use of 18Cr–8Ni (wt.%) stainless steel as a material for implants was in 1926 [2,3]. The basic type 302 stainless steel was first used for this purpose. Later, the more corrosion-resistant types 304, 316, and 317 stainless steel were employed [2,3]. In the 1950s, 316L stainless steel was introduced. In the composition of AISI 316L, the carbon content was reduced to 0.03 wt.% in order to improve the corrosion resistance and weldability compared to 316 stainless steel [5]. The 18-8 grade stainless steel was the first stainless steel designed specifically to construct bone fracture plates and screws for human use [6]. Due to its lower cost compared to titanium and cobalt-based alloys and ease of manufacturing in combination with relatively high corrosion resistance, AISI 316L stainless steel soon became one of the most commercially available biomaterials for implant manufacturing [7,8]. However, its lower resistance to some forms of localized corrosion, such as pitting and crevice corrosion, led to its gradual replacement with higher corrosion-resistant materials including duplex steel [9,10,11,12].



Duplex stainless steel (DSS) has a structure consisting of approximately equal amounts of ferrite and austenite and is characterized by high mechanical strength, excellent corrosion resistance, and good weldability, which led to its widespread use in oil, chemistry, petrochemical, and food industries and occasionally in the medical industry [12]. These desired properties have enabled its usage in biomedical applications recently. Duplex stainless steel is defined as SS with a pitting resistance equivalent (PRE) value above 40. The DSS has high localized corrosion resistance which can be compared with the titanium alloys, due to its passive surface film, which is a consequence of the high percentage of chromium in the alloy, enhanced by the synergistic effect of alloying elements such as nitrogen and molybdenum. Results in several published papers have shown similar biocompatibility of austenitic and austenitic-ferritic steel. The replacement of austenitic stainless steel with austenitic-ferritic in orthodontic treatments reduces costs and nickel hypersensitivity in patients [9,10,11,12,13,14].



The corrosion resistance of austenitic stainless steels is proportional to their chemical composition, i.e., the content of alloying elements that enhance passive film stability and the absence of those that diminish it. The high corrosion resistance of austenitic stainless steels is due to the formation of 0.5 nm to 5 nm chromium oxide-hydroxide enriched passive layer in the presence of oxygen, which has self-healing properties [15,16,17,18,19]. Some authors suggested that the formed layer has a complex spinel-type passive structure which can be described as (Fe,Ni)O(Fe,Cr)2O3 [10,20]. Other authors claimed that the oxide film formed on stainless steel has a bi-layer type, with the inner layer mainly composed of chromium(III) oxide with a minor presence of oxidized iron, while the outer layer consists mainly of iron oxides and hydroxides [18,21,22]. The beneficial effect of molybdenum as an alloying element in stainless steel is visible through the improvement of the passivation properties of the formed oxide films and improved passivation behavior by deactivating pits growth [15,23,24]. Manganese acts as an austenite former and increases the solubility of nitrogen, but the presence of manganese usually leads to the reduction of pitting corrosion resistance which is associated with the formation of MnS inclusions which represent the weak spots for a pitting attack [15]. The primary function of the nickel is that this element acts as an austenite stabilizer but also has a beneficial effect in enhancing the corrosion resistance of stainless steel [15,25,26]. In previous studies, the presence of Ni in the form of NiO was determined in the outer part of the oxide film, but in significantly smaller quantities compared to its content in the alloy [27,28,29]. Recent research shows that initial dissolution rates of Ni, Mn, Mo, and Fe increased significantly during the initial anodic polarization of AM-316L and W-316L stainless steel in NaCl solution, which led to the depletion of these elements on the surface and the relative enrichment of Cr. After the active to a passive transaction, Ni and Mo enrichment of the surface begins, while relative depletion of Mn continues with increasing the anodic potential resulting from the enrichment of protective Cr2O3 in the surface oxide layer [30].



Body fluids represent a significantly aggressive media to the metallic materials, and interactions between the metallic implants and the surrounding tissue have high importance. The body-fluid chemical compositions are quite complex. However, the three most significant parameters regarding its corrosiveness are the presence of chloride ions, the concentration of the dissolved oxygen, and pH levels. Most body fluids have a pH of 7.4, a temperature around 37 °C, and a chloride concentration of around 0.9% NaCl. According to these parameters, body fluids appear to be slightly less aggressive than seawater [1]. As stainless steels have relatively high chromium and nickel concentration in their composition, dissolution of the implants and release of metallic ions in the tissue can cause adverse, toxic, or carcinogenic reactions and high biological risks for the patients. Performing the corrosion investigations of the metallic materials used in medicine, such as different types of stainless steel like in this manuscript, are very significant in searching for the optimal fields and improving existing solutions.



In this paper, the behavior of different types of stainless steel (AISI 304L, AISI 316L, and 2205 duplex steel) as biocompatible materials was studied by measuring the time change of the open circuit potential, using polarization methods (cyclic polarization and linear polarization) and electrochemical impedance spectroscopy at 37 °C, i.e., in simulated solution in the human body, i.e., phosphate-buffer saline solution (PBS). The measurements are divided into two main categories. At the very beginning, the corrosion behavior of the samples at high anode potentials (anodic corrosion) was considered, followed by the process of spontaneous corrosion at the open circuit potential, EOC.




2. Materials and Methods


Investigations were performed on AISI 304L and AISI 3016L austenitic stainless steels, as well as on 2205 duplex stainless steel (2205 DSS) with the chemical composition as given in Table 1.



Investigated materials were purchased from commercial sources (Ronsco, China) and were received in the form of 6 mm rods. Rods were cut into small cylindrical specimens using a metallographic cutting machine. The electrical contact was achieved by drilling samples and cutting M3 threads into which a copper M3 threaded rod was inserted. The stainless steel samples were then isolated with polyacrylate resin, leaving the opposite cylindrical base as a working surface that was in contact with the electrolyte when the electrode was immersed in the solution.



Prior to the electrochemical investigations, specimens were prepared by grinding the surface with the Metkon Forcipol 1 V grinder/polisher (Metkon Instruments Inc., Bursa, Turkey) from P180 up to P2500 grit. Final polishing was performed with the Metkon ALU-MIK 39-210 alumina suspension 0.3 µ, after which the electrode was ultrasonically washed with 70 % ethanol (5 min) and Millipore deionized water (5 min), and after that, transferred quickly to the electrolytic cell.



Measurements were conducted in phosphate-buffer saline solution (PBS), containing 8.0 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na2HPO4, and 0.24 g/L KH2PO4 (pH 7.4, T = 37 °C), with natural oxygen level.



Electrochemical measurements were performed with the EG&G Princeton Applied Research model 273A potentiostat-galvanostat paired with PAR M 5210 lock-in amplifier (Princeton, NJ, USA) for the electrochemical impedance measurements (EIS). The electrochemical cell was a conventional 200 mL double wall glass cell comprising of the working electrode, saturated calomel electrode as reference electrode, and Pt-sheet counter-electrode. The glass cell was connected to the refrigerated heating bath Huber Kiss K6 with the flexible silicone hose to ensure a constant temperature in the electrochemical cell.



Anodic corrosion of AISI 304L, AISI 316L, and 2205 DSS was investigated by cyclic polarization (CP) measurements. CP curves were recorded over a wide potential range (from −0.35 V vs. open circuit potential (EOC) to 0.6 V and back to −0.35 mV vs. EOC; in the case of 2205 DSS, the upper limit of polarization is extended to 1.2 V). CP measurements were performed with a scan rate of 1 mV s−1 after 60 min stabilization of tested samples in PBS solution at EOC.



During the spontaneous corrosion study, for each sample separately, the change in EOC, then the change in polarization resistance (Rp), as well as the impedance (Z) of the phase boundary of the (AISI 304L, AISI 316L, 2205 DSS)/PBS solution over a period of 10 days were monitored. Linear polarization measurements (for Rp determination), were recorded in a potential range ± 20 mV vs. EOC with a scan rate of 0.2 mV s−1. Electrochemical impedance spectroscopy (EIS) measurements were performed in the frequency range of 50 kHz to 30 mHz with 5 points per decade and an AC voltage amplitude of 10 mV. All electrochemical measurements were performed in triplicate to ensure reproducibility of results.



After the anodic corrosion (i.e., after reaching the upper limit of anodic polarization (for each sample) and after spontaneous corrosion, the surface of the tested samples was investigated using the light microscope MXFMS-BD, Ningbo Sunny Instruments co. with the magnification of 200 times. Finally, field emission scanning electron microscope (FEG SEM) Thermo Scientific Quattro S (FEG SEM, Hillsboro, OR, USA) with attached EDS SDD detector Ultim® Max, Oxford Instruments for semiquantitative analysis was used to observe the morphology of the corrosion product after the electrochemical tests, and to identify the elemental composition in some characteristic areas of the sample surfaces.




3. Results and Discussion


3.1. Anodic Behavior of AISI 304L, AISI 316L, and 2205 DSS in PBS Solution


Results of the cyclic polarization (CP) measurements are shown in Figure 1, where the arrows show the potential change direction. Characteristic potentials are also highlighted in Figure 1 and given in Table 2.



The purpose of these measurements was to determine the characteristic corrosion parameters and predict the anodic behavior of the tested samples, assessing their possibility of passivation and repassivation in PBS solution.



The starting point in CP curve analysis is the corrosion potential (Ecorr) which is −0.286 V for AISI 304L, −0.238 V for AISI 316L, and −0.108 for 2205 DSS (Table 2). Ecorr determines the energy required for the corrosion reaction [31]. So, the more positive the Ecorr, of a certain material, the slower the corrosion process should be because it requires more energy [31]. At potentials lower than Ecorr (cathode potentials), the polarization curve most likely reflects the hydrogen evolution reaction.



However, such measurements are more interesting for the purpose of examining the anode behavior of the corrosion system (potentials more positive than Ecorr). The potential of the sample changes slowly in the positive direction and acts as an anode, corroding or forming an oxide film on its surface.



Three potential regions are observed on the anodic branch of polarization curves (potentials more positive than corrosion potential, Ecorr): active, passive, and metal depassivation regions. In the active potential range, the steel samples dissolve, metal ions go into the solution, and the current increases exponentially with increasing potential (i.e., a linear increase in the logarithm scale of the anode current density with potential is observed on the polarization curve).



In an aqueous electrolyte solution, metal ions come into contact with OH− ions (formed by water ionization) and form hydroxides that cover the metal surface, which further slows down the process of metal dissolving. In the process of dehydration, the metal hydroxide turns into the corresponding oxide.



During further anodic polarization at the passivation potential (Ep), the passivation limit current (ip) is reached, and the dissolution rate of the metal becomes equal to the rate of oxide film formation. By further increasing the potential, the metal dissolution rate significantly slows down the process of oxide film formation.



Eventually, the surface of the metal is completely covered with an oxide film, and the current becomes independent of the potential change. A more or less defined “current plateau” is established on the polarization curve. Namely, the “current plateau” (the independence of the current on potential in the potentiodynamic conditions of the experiment) is associated with the growth (thickening) of the oxide film by ionic conductivity involving some transport process driven by the electric field in the oxide layer [32].



Further anodic polarization achieves the depasivation potential or pitting potential (Edp), which is 0.208 V for AISI 304L, 0.559 V for AISI 316L, and even 1.120 V for 2205 DS (Table 2). At the depasivation potential, the oxide layer is destroyed, and local dissolution of the metal, with a sharp increase in current, is observed on the polarization curve. However, as the observed samples have different corrosion potentials, the range of passive potentials (of each individual sample) is more precisely determined by the potential difference indicated as ΔE = Edp − Ecorr, which increases in order: AISI 304L < AISI 316L < 2205 DSS).



After reaching the upper limit of anodic polarization, the potential of the electrode is returned to the initial value, after which all tested samples show a response with a negative current hysteresis. Generally, a negative hysteresis occurs when the current at the return potential change is less than at the initial, upward potential change. A positive hysteresis occurs when the current at the reverse potential change is higher than at the ascending potential change [33].



As already mentioned, when the potential changes to Edp, the current increases sharply due to oxide film destruction and local metal dissolution with the creation of minor damages or pits. When the potential changes back and the repassivation potential (Erp) is reached, there is a possibility that the oxide film is regenerated (i.e., small pits on the metal are repassivated) or that the oxide remains permanently destroyed. It is generally believed that pits will continue to grow spontaneously when Ecorr is greater than Edp and pits will not grow when Ecorr is less than Edp [33]. In accordance with this statement, it can be seen (Figure 1) that all samples are prone to repassivation (the damages of oxide film on all samples have a tendency of self-healing).



In addition to the above, a better insight into the susceptibility of materials to local corrosion can be obtained by an additional analysis of characteristic potentials in CP curves, Ecorr, Edp, and Erp [34,35,36].



	
The potential difference of Edp − Ecorr (in addition to the above marked as ΔE and represents the range of passive potentials) is an indication of the pitting initiation rate; the higher it is, the slower the pitting initiation rate occurs.



	
The potential difference of Erp − Ecorr describes how a metallic material can repassivate (pits no longer grow). The more positive this potential difference is, the easier a certain metallic material can repassivate.



	
The potential difference of Edp − Erp is the indication of the extent of crevice corrosion resistance (the lower the Edp − Erp, the higher the resistance towards crevice corrosion).






The complete analysis of CP curves determined: corrosion current, icorr, passivation current, ip, and characteristic potentials, Ecorr, Ep, Edp, Erp, as well as potential differences of Edp − Ecorr, Erp − Ecorr, Edp − Erp, and the obtained values are given in Table 2. It can be seen that 2205 DSS has the smallest icorr and more positive Ecorr value, which indicates good corrosion stability of this material. In addition, the widest passivation region, ΔE, was observed in this material, which indicates its excellent corrosion stability. According to the above data, icorr and ip are decreasing, while Ecorr, Ep, Edp, and Erp have more positive values in order: AISI 304L < AISI 316L < 2205 DSS. In the same order, the tendency of the material towards local corrosion decreases (higher Edp − Ecorr difference), the possibility of repassivation increases (more positive Erp − Ecorr difference), and the more resistance to local corrosion increases (smaller Edp − Erp difference).



After reaching the upper limit of anodic polarization (which for AISI 304L and AISI 316L steels was 0.6 V, and for 2205 DSS was 1.2 V), electrode surfaces were observed by light microscopy, and the results of investigations are shown in Figure 2. Images show clear differences in the corrosion damages depending on the tested alloy. On AISI 304L and AISI 316L, corrosion products appear uniformly distributed along the whole surface; on 316L alloy, surface damages are generally smaller than on 304L and probably shallower. The 2205 DSS surface is almost clear of any corrosion damage.



The surface morphologies (with higher magnification using SEM) of all samples are shown in Figure 3. As can be seen at the same level of magnification, the anodic polarization causes damage to the AISI 304L which covers a higher surface area than AISI 316L. Furthermore, with the highest magnification, the surface of the duplex steel is smooth and flat, with almost no signs of the corrosion process. On the surface of AISI 304L and AISI 316L, some pits are also observed, however they are mostly covered with corrosion products. It should be noted that the percentage of flat smooth surfaces for test specimens increases in order: AISI 304L < AISI 316L < 2205 DDS.




3.2. Spontaneous Corrosion of AISI 304L, AISI 316L, and 2205 DSS in PBS Solution


Biocompatible materials, implants (Ti, Ti alloys, and certain types of stainless steel), after incorporation into the human body, are subject to the process of spontaneous corrosion, which is determined by the corrosion rate and the established corrosion potential. Therefore, in this paper, special attention is given to the spontaneous corrosion of AISI 304L, AISI 316L, and 2205 DSS in PBS solution at 37 °C over an extended period of time. For this purpose, for each sample separately, the change in EOC, then the change in polarization resistance (Rp), as well as the impedance (Z) of the phase boundary of the tested sample/PBS solution over a period of 10 days, were monitored. The purpose of the study was to determine the physical and electrochemical properties of oxide films and their stability in the biological environment. Namely, the long-term stability of oxide films on biocompatible materials plays a decisive role in their use in the manufacture of various medical and dental implants.



Figure 4 presents the evolution of the EOC over 10 days immersion period in PBS for the test samples. The EOC is a characteristic value for each individual electrochemical system, and arises as a result of structural changes that occur due to the anodic and cathodic reactions at the electrode/solution phase boundary.



In general, the profile of all transients has nearly similar features in the PBS solution. In any case, the initial EOC value shifts continuously towards the positive direction of potential, first with a faster rate and then slowly until it reaches an almost quasi-stationary state.



The established EOC value depends on the chemical composition of the samples, and after several days of exposure to PBS solution is: −0.142 V for AISI 304L, −0.073 V for AISI 316L, and 0.036 V for 2205 DSS.



The established EOC value represents the balance between the formation and dissolution of the passive oxide film on the sample surface during the exposure time of the electrolyte solution [37]. Therefore, duplex steel with the highest EOC value is the most stable material under spontaneous corrosion conditions.



Similar behavior was observed for steel alloy both for PBS solution and in other corrosive environments of the human body [38].



The great advantage of the linear polarization method over classical potentiodynamic methods is that the measurement is performed in a narrow range (± 20 mV vs. EOC) so that it is an entirely non-destructive method. Figure 5 shows the results of linear polarization measurements for the tested alloys after 1 h of exposure to PBS solution. In all cases, a linear i-E dependence was observed.



Depending on the tested sample and the time of exposure to PBS solution, the slope of the i-E dependence changes, which defines the polarization resistance of the tested system, Rp:


   R p  =   Δ E   Δ i    



(1)







Thus, an increase in the slope in the i-E diagram indicates an increase in the value of Rp. Measurements were also performed at longer exposures to PBS solution, and Figure 6 shows the time dependence of the Rp of the observed samples in PBS solution.



It can be observed that all samples show a similar time dependence. During the first 3 days, Rp grows sharply and reaches the maximum value that is mostly maintained during prolonged exposure to the solution. The values of Rp grow in order AISI 304L < AISI 316L < 2205 DSS.



The results of EIS seem to offer further confirmation for the extent of surface reactivity of steel samples under open circuit conditions in PBS media, and the measurement results for 2205 DSS are shown in Figure 7 in Nyquist and Bode complex planes.



The response in the Nyquist complex plane (Figure 7a) is an incomplete capacitive semicircle, which indicates that the surfaces of 2205 DSS have extremely high resistance (impedance). It was clearly found that the semicircle radius increases with immersion time. This implies a subsequent decrease in the corrosion rate of the material and suggests that the passivity of the surface film is gradually enhanced over time.



The Bode complex plane (Figure 7b) shows the dependence of the absolute impedance and the phase shift on the frequency (log |Z| − log f; phase shift − log f). In the range of high frequencies (f > 1 kHz) in the total impedance, only the influence of the electrolyte resistance, Rel, was observed, with a phase shift of ≈ 0°. The range of medium and low frequencies (f < 1 kHz) is determined by the capacitive behavior of 2205 alloy, i.e., the dielectric properties of the naturally formed oxide film on the alloy surface. Moreover, the large, broad peak of the phase angle of ≈ 85° on the Bode format could be indicative of an interaction of at least two-time constants. Furthermore, the Bode line has a slope of ≈ −1 that extends even to the lowest frequency values. It should be noted that the impedance of 2205 DSS is extremely high (of the order of MΩ cm2) and mainly increases with exposure time to PBS solution. As can be seen from Figure 8, similar results were obtained for other steel samples. The figure shows the impedance spectra recorded on the tested samples after a ten-day exposure to the PBS solution.



The obtained results are in agreement with the literature, where the prevailing opinion is that the oxide film on the surface of stainless steel is very thin (order of magnitude of several nm [15,16,17,18,19]). Furthermore, it is known that the oxide film has a two-layer structure and consists of an inner compact film, i.e., barrier film (mainly composed of chromium(III) oxide with a minor presence of the oxidized iron) and an outer porous film (mainly consists of iron oxides and hydroxides) [18,21,22]. Moreover, according to several references in the literature, passive films are slightly enriched in Mo(IV) or Mo(VI) species [39,40,41]. According to these findings, the oxide film assumes a mixed iron–chromium hydroxide outer layer and a mixed iron-chromium oxide inner layer. Molybdenum oxide is included in the outer layer and neglected in the inner layer [16,42]. The inner barrier film has an extremely high impedance, while the outer porous layer shows significantly lower impedance [16,18,21,22,42,43]. Substantial evidence is also reported confirming this structure for the surface films grown on stainless steel [16,38,39,40,41,42,43] substrates after prolonged immersion in different simulated body fluids.



The objective of the AC impedance technique is to model the corrosion process in terms of circuit elements to enable an accurate analysis of the obtained EIS data and make conclusions about the mechanism and properties of the corrosion process. Figure 9 shows the electric equivalent circuit (EEC), which was used for analyzing the impedance data.



This type of EEC is commonly proposed to mimic passive film with a duplex nature formed on stainless steel alloys [43,44,45] in simulated physiological environments. The model consists of the electrolyte resistance, Rel (≈ 7 Ω cm2), connected in series with two-time constants: Rel(QpRp)(QbRb). The first and second-time constants are determined by the parallel connection of the constant phase element and the resistance, the first with (QpRp) and the second with (QbRb).



It is worth noting that the dispersion behavior observed at rough electrodes can be described by a constant phase element (CPE) of the form [46,47,48]:


   Z  CPE   =    [  Q    (  j ω  )   n   ]    − 1    



(2)




where ω is the angular speed of ac signal (ω = 2πf), j = (−1)1/2, Q is a combination of properties related to the surface and electroactive species. The value of CPE exponent n can take on different values in the range of -1 to +1. Depending on n, CPE can represent resistance (n = 0), capacitance (n = 1), inductance (n = −1), or diffusion process (n = 0.5) [46].



In EEC, the CPEs, i.e., the quantities Qp and Qb, represent the capacitances Cp and Cb of the oxide film based on the simulation of a certain parameter np (≈ 0.95–0.97) and nb (≈ 0.97–0.99). In the high-frequency range the time constant, QpRp, describes the properties of the porous part of the oxide film. In this case, Rp and Qp are the resistance and capacitance of the porous film. The time constant in the low-frequency range describes the compact, inner barrier part of the oxide film, with Rb representing resistance and Qb the capacity of the inner barrier film. Values of the simulated electronic impedance parameters for tested samples as a function of the exposure time in PBS are listed in Table 3.



To better understand the situation, the time dependence of the parameters depicting the barrier and the porous layer of the surfaces of the investigated stainless steel are shown separately (Figure 10 and Figure 11). Generally, the results reveal that the layer resistances of the passive film Rp and Rb are always in the order of kΩ cm2. However, for all steel samples, the resistance of the inner barrier layer (Rb) is much higher than the resistance of the outer porous layer (Rp) at all immersion times (even for an entire order of magnitude).



For example (Figure 10a), barrier film resistance at 2205 DSS is extremely high and increases with exposure time, especially in the first 3–4 days, where an increase of ≈65 kΩ cm2 (immediately after immersion in the solution) to ≈700 kΩ cm2 (after 4 days). Further exposure of the sample to PBS solution shows a slight increase in the resistance of the barrier film and after 10 days its value is ≈750 kΩ cm2. On the other hand, the resistance of the porous layer on 2205 DSS (Figure 10b) is significantly lower and increases with the exposure time (roughly from 10 to 98 kΩ cm2), indicating that the oxide film pores are most likely filled with electrolyte solution [16,38].



In parallel with the above (Table 3), the capacitance of the inner barrier layer (nb ≈ 1; Qb ≈ Cb) in all investigated samples was higher than of the outer porous layer (np ≈ 1; Qp ≈ Cp). It was also observed that for all samples, the capacities of both films (barrier and porous) decreased slightly with the time of exposure to PBS solution (slightly faster in the first 3 days) and after 10 days reached an approximately stationary value.



According to the plate capacitor model, the capacity is inversely proportional to the thickness, d (  C = ε  ε o  / d   where εo represents the dielectric constant of vacuum (8.85 × 10−12 F m−1), a ε represents the dielectric constant of an oxide film.



In the literature [21,44,45], a value of 15.6 was found for the dielectric constant of the oxide film formed on austenitic stainless steels. This value is reasonable because the dielectric constants of oxides formed on stainless steels (Cr2O3, FeO, Fe3O4, and Fe2O3 are between 10 and 20 [49]. The values of passive film thickness (thickness of inner barrier layer, db, and outer porous layer, dp) for all samples during the PBS exposure were obtained using the plane capacitor formula (with the assumption Q = C and ε =15.6) and presented in Figure 11. Generally, the results reveal that the thickness of the inner barrier and outer porous layers is in the order of magnitude nm. However, for all steel samples, the thickness of the inner barrier layer is much thinner than the thickness of the outer porous layer at all immersion times. For example, the thickness of the barrier film at 2205 DSS after 10 days is ≈8 nm, while under the same conditions, the thickness of the porous film is ≈25 nm.



Therefore, the above trend for tested steel materials in PBS solution indicates that although the inner layer of the surface film is three times thinner, it is more passive (has higher resistance for the whole order of magnitude) than its thicker outer layer.



It is also clear from the figures that the resistance of the barrier and porous part of the oxide film increases in order: AISI 304L < AISI 316L < 2205 DSS. In the same order, the thickness of oxide films increases, i.e., the corresponding capacities decrease, which additionally indicates better protective properties of the surface film on 2205 DSS in relation to other alloys. Based on the above, the corrosion of the tested stainless steel is mainly prevented by a thin compact barrier layer of high resistance.



After impedance measurements, the surface condition of steel samples was also examined by light microscopy and SEM, while the elemental composition of the surface at individual positions was determined by EDS analysis. The obtained results are shown in Figure 12 and Table 4.



Light microscopy images (Figure 12) show clear differences in the scale of corrosion products on the tested alloy. On AISI 304L and AISI 316L corrosion products appear uniformly distributed along the whole surface, with the emphasis that on the AISI 316L alloy surface corrosion products are rarer and smaller. The surface of 2205 DSS is almost clear of any corrosion damages. These observations were confirmed by SEM/EDS analysis (Table 4). At significantly higher magnifications the surface of the duplex steel is still smooth and flat, with almost no signs of change.



As the thickness of the natural oxide film on stainless steels is very small, to the order of nm (Figure 11), while the X-rays used for EDS analysis are formed in a much deeper area, usually between 1 and 3 μm; however, it depends mainly on the accelerating voltage of primary electron beam and mean density of investigated material [50]. Therefore, the changes in the elemental composition of the alloy before (Table 1) and after exposure to PBS solution (Table 4) may indirectly indicate the local dissolution occurrence.



EDS analysis of the most damaged parts of the surface (positions 1 and 2 for AISI 304L and AISI 316L and position 1 for 2205 DSS) indicates significant changes in the elemental composition, especially in iron, the content of which was greatly lowered due to dissolution, while the composition on flat parts of each sample is approximately equal to the initial values which indicate that there was no local dissolution in these parts of the samples surface. Changes in the composition are highest for the AISI 304L. In fact, it was found that the percentage of surface damaged parts and changes in its elemental composition are growing in order: 2205 DSS < AISI 316L < AISI 304L.



As already stated, the alloying elements closely determine the chemical composition, stability, and thickness of the passive film which forms on the surface of stainless steel (Table 1). Elements that facilitate passivation of the steel will enhance the protective properties of the oxide film (higher resistance and thickness, more compact structure).



Marcus [51] explained the role of alloying elements on metal passivation and proposed the model which is based on two fundamental properties of metals, such as:




	(a)

	
strength of the oxygen (or OH) chemisorption bond, εM-O, (reflected by the value of the heat of oxygen adsorption, ΔHads(ox)) and




	(b)

	
the facility of conversion from the oxygen (or OH) monolayer to a 3D oxide in which a crucial factor is disruption of the metal–metal bonds (reflected by metal-metal bond energy, εM-M) [51].









Adsorption of oxygen or OH− ions from the water solution usually represent the beginning of the passivation, followed by nucleation and oxide growth. Metals with a high heat of oxygen adsorption will be easily passivated. However, the passive film formation requires additional activation energy which is needed to convert the chemisorbed layer into 3D oxide. This process inevitably leads to a metal–metal interruption. Therefore, the lower the energy required to disrupt metal–metal bonds, the lower the activation energy barrier for the conversion into 3D oxide [51]. Thus, metals that are very suitable for the passive oxide film growth (reinforce the passivation) should strongly adsorb oxygen (or OH− ions) and have a weak metal–metal bond that can be easily broken. However, a weak metal–metal bond causes the acceleration of metal dissolution. Therefore, fine balancing between the two mentioned effects is the crucial factor in the alloys passivation process.



Based on these Marcus considerations, the diagram ΔHads(ox) − εM-M [51] is constructed (Figure 13). Alloying elements are divided into two main groups: passivity promoters and dissolution moderators or blockers.



In Figure 13, the upper left area is occupied by metals with high ΔHads(ox) values and relatively low εM-M (Cr, Al, Ti). These alloying elements facilitate passivation of the metal, i.e., there are passivity promoters.



Elements such as Mo, Nb, Ta, and W have a high εM-M and high ΔHads(ox) and are placed in the upper right-hand region of the diagram. These elements can be dissolution blockers or moderators due to the high value of εM-M, which indicates the difficulty of breaking metal–metal bonds. Passivation ability is preserved because these metals also have a high amount of ΔHads(ox). They participated in the passivation process and can be incorporated into surface oxide film. Based on the ideas presented, it is interesting to compare the influence of key alloying elements such as Cr, Mo, and Nb on the passivation of stainless steels, whose content in the tested samples mostly increases in order: AISI 304L < AISI 316L < 2205 DSS. The behavior of these elements in the initial stage of steel passivation is very different. Although the heat of oxygen adsorption on Cr, Mo, and Nb are similar, the Cr–Cr bond energy is much lower than that of Mo–Mo and Nb–Nb [51]. A large amount of energy released during the adsorption of oxygen can easily disrupt Cr–Cr bonds, thus causing oxide nucleation much before the completion of the adsorbed monolayer.



On the other hand, the Mo and Nb further improves the stainless steel’s corrosion resistance, especially in a solution containing Cl− in which pitting is common. Namely, the high Mo–Mo and Nb–Nb bond strength cause a lowering of the dissolution rate by increasing the activation energy barrier for the disruption of metal–metal bonds on the surface [51]. This effect of alloying elements in the iron base ultimately results in the corrosion resistance of the tested samples growing in the same order, i.e., AISI 304L < AISI 316L < 2205 DSS. According to the sequence discussed, the content of the other elements in the individual samples also favours the increase of corrosion resistance.





4. Conclusions


The electrochemical behavior of AISI 304L, AISI 316L, and 2205 DSS as biocompatible materials in PBS solution at 37 °C was studied. The measurements are divided into two main categories. In the beginning, the corrosion behavior of the samples at high anodic potentials (anodic corrosion) was considered, followed by the process of spontaneous corrosion at the open circuit potential, EOC.



Anodic polarization of all samples in PBS solution results in the destruction of the natural oxide film and the occurrence of local activation of the surface with the creation of small pits. The damages of oxide film on all samples have a tendency of self-healing.



The tendency of the material toward local corrosion decreases in order: AISI 304L < AISI 316L < 2205 DSS. In the same order, the pitting initation rate occurs slower, the possibility of repassivation increases, and the resistance to local corrosion increases.



The corrosion resistance of steel samples at open circuit potential is a consequence of forming a natural oxide film that has a bi-layer structure and consists of an inner barrier and an outer porous film. The inner barrier film has an extremely high resistance, while the outer porous film shows significantly lower resistance.



The inner barrier layer prevents corrosion of examined steel samples, whose thickness and resistance increase sharply in the first few days of exposure to PBS solution. The film resistance is further increased by subsequent structure adjustment in the order AISI 304L < AISI 316L < 2205 DSS.
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Figure 1. Cyclic polarization curves for investigated stainless steels in PBS solution. 
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Figure 2. Light microscopy images of the electrode surfaces after polarization measurements in PBS solution for (a) AISI 304L, (b) AISI 316L, and (c) 2205 DSS. 
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Figure 3. SEM image of AISI 304L, AISI 316L, and 2205 DSS alloy after potentiodynamic polarization measurements in PBS solution. 






Figure 3. SEM image of AISI 304L, AISI 316L, and 2205 DSS alloy after potentiodynamic polarization measurements in PBS solution.



[image: Sustainability 14 08935 g003]







[image: Sustainability 14 08935 g004 550] 





Figure 4. Evolution of open circuit potential over time for investigated samples in PBS solution. 
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Figure 5. Linear parts of polarization curves for investigated samples after 1 h immersion in PBS solution. 
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Figure 6. Time dependence of Rp for investigated samples in PBS solution. 
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Figure 7. (a) Nyquist and (b) Bode plots recorded on 2205 DSS in PBS solution at different stabilization times at EOC. 
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Figure 8. (a) Nyquist and (b) Bode plots recorded on investigated samples after 10 days immersion in PBS solution. 
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Figure 9. Electric equivalent circuit (EEC) model used for fitting EIS data. 
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Figure 10. Dependence of resistance of (a) barrier and (b) porous layer on stabilization time for investigated samples in PBS at 37 °C. 
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Figure 11. Dependence of thickness of (a) barrier and (b) porous layer on stabilization time for investigated samples in PBS at 37 °C. 
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Figure 12. Light microscopy images of the electrode surfaces after prolonged exposure in PBS solution; (a) AISI 304L, (b) AISI 316L, and (c) 2205 DSS. 
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Figure 13. Grouping of metals according to the Marcus model [51]. 
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Table 1. Chemical composition of investigated stainless steels.
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Chemical Composition (wt.%)




	
Sample

	
Cr

	
Ni

	
Mn

	
Mo

	
Si

	
Nb

	
Cu

	
V

	
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




	
2205 DSS

	
22.21

	
5.47

	
1.52

	
3.14

	
0.33

	
0.012

	
0.26

	
0.035

	
0.012

	
67.00
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Table 2. Corrosion parameters for the AISI 304L, AISI 316L, and duplex steel in PBS solution.
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	Sample
	Ecorr

(V)
	icorr

(µA cm−2)
	ip

(µA cm−2)
	Edp

(V)
	Erp

(V)
	Edp − Ecorr

(V)
	Erp − Ecorr

(V)
	Edp − Erp

(V)





	AISI 304L
	−0.286 ± 0.014
	1.31 ± 0.05
	8.43 ± 0.44
	0.208 ± 0.013
	−0.098 ± 0.015
	0.494 ± 0.001
	0.188 ± 0.001
	0.306 ± 0.002



	AISI 316L
	−0.238 ± 0.012
	0.88 ± 0.04
	2.61 ± 0.10
	0.559 ± 0.029
	−0.011 ± 0.010
	0.797 ± 0.017
	0.227 ± 0.002
	0.570 ± 0.019



	2205 DSS
	−0.108 ± 0.008
	0.33 ± 0.02
	1.35 ± 0.04
	1.120 ± 0.041
	0.790 ± 0.020
	1.228 ± 0.033
	0.898 ± 0.012
	0.330 ± 0.021
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Table 3. Electrical parameters of equivalent circuit obtained by fitting the experimental results of EIS for AISI 304L, AISI 316L, and 2205 DSS in PBS solution at different stabilization times on EOC.
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t

(Days)

	
Qp × 106

(Ω−1 sn cm−2)

	
np

	
Rp

(kΩ cm2)

	
Qb × 106

(Ω−1 sn cm−2)

	
nb

	
Rb

(kΩ cm2)






	
AISI 304L




	
0

	
156.78 ± 4.23

	
0.93 ± 0.02

	
3.91 ± 0.21

	
299.96 ± 4.67

	
0.94 ± 0.02

	
29.51 ± 2.83




	
0.24

	
121.99 ± 3.73

	
0.94 ± 0.01

	
8.05 ± 0.53

	
275.14 ± 4.12

	
0.96 ± 0.01

	
81.05 ± 4.05




	
1

	
102.89 ± 3.44

	
0.94 ± 0.01

	
12.57 ± 1.58

	
256.52 ± 3.89

	
0.95 ± 0.02

	
121.96 ± 10.11




	
2

	
94.74 ± 2.99

	
0.93 ± 0.01

	
21.79 ± 1.44

	
247.04 ± 4.01

	
0.95 ± 0.03

	
160.92 ± 12.02




	
3

	
90.32 ± 2.78

	
0.94 ± 0.03

	
25.96 ± 1.98

	
240.59 ± 3.75

	
0.96 ± 0.01

	
147.44 ± 10.11




	
4

	
86.05 ± 4.09

	
0.95 ± 0.01

	
35.52 ± 2.36

	
237.85 ± 3.39

	
0.97 ± 0.01

	
160.92 ± 12.37




	
5

	
84.83 ± 3.37

	
0.95 ± 0.01

	
35.64 ± 2.11

	
235.64 ± 3.68

	
0. 98 ± 0.01

	
188.72 ± 10.14




	
6

	
81.49 ± 3.40

	
0.96 ± 0.01

	
40.80 ± 3.06

	
234.34 ± 3.22

	
0.97 ± 0.01

	
164.79 ± 14.83




	
7

	
79.41 ± 3.35

	
0.95 ± 0.02

	
40.23 ± 3.17

	
233.71 ± 4.12

	
0.96 ± 0.02

	
192.48 ± 12.86




	
8

	
77.82 ± 2.65

	
0.96 ± 0.01

	
44.31 ± 4.23

	
232.87 ± 4.39

	
0.96 ± 0.01

	
199.67 ±13.59




	
9

	
75.17 ± 2.77

	
0.96 ± 0.01

	
44.06 ± 2.41

	
231.38 ± 3.71

	
0.97 ± 0.01

	
189.16 ± 12.36




	
10

	
74.16 ± 3.16

	
0.96 ± 0.01

	
47.83 ± 1.79

	
231.17 ± 3.45

	
0.98 ± 0.01

	
200.48 ± 13.02




	
AISI 316L




	
0

	
128.14 ± 5.11

	
0.94± 0.03

	
8.74 ± 0.49

	
245.48 ± 3.97

	
0.95 ± 0.02

	
49.79 ± 3.82




	
0.24

	
107.18 ± 3.72

	
0.94 ± 0.02

	
24.40 ± 2.32

	
220.88 ± 4.23

	
0.97 ± 0.01

	
131.76 ± 9.17




	
1

	
90.61 ± 2.93

	
0.94 ± 0.02

	
42.28 ± 2.95

	
208.96 ± 3.54

	
098 ± 0.01

	
260.63 ± 12.35




	
2

	
81.01 ± 4.22

	
0.95 ± 0.01

	
49.21 ± 2.93

	
201.83 ± 3.60

	
0.97 ± 0.01

	
344.34 ± 10.37




	
3

	
75.72 ± 2.85

	
0.95 ± 0.01

	
52.87 ± 3.01

	
192.28 ± 3.82

	
0.96 ± 0.02

	
429.08 ± 12.13




	
4

	
73.49 ± 2.36

	
0.95 ± 0.01

	
59.81 ± 3.23

	
186.61 ± 3.67

	
0.98 ± 0.01

	
494.77 ± 12.88




	
5

	
72.95 ± 3.15

	
0.95 ± 0.01

	
58.86 ± 2.88

	
184.99 ± 3.28

	
0. 98 ± 0.01

	
517.67 ± 13.28




	
6

	
72.06 ± 3.66

	
0.94 ± 0.03

	
67.66 ± 2.64

	
182.62 ± 3.17

	
0.98 ± 0.01

	
506.64 ± 12.95




	
7

	
70.25 ± 2.84

	
0.97 ± 0.01

	
70.06 ± 2.01

	
180.51 ± 3.59

	
0.98 ± 0.01

	
520.32 ± 13.78




	
8

	
68.87 ± 3.65

	
0.95 ± 0.02

	
68.26 ± 2.77

	
179.25 ± 3.93

	
0.97 ± 0.01

	
528.74 ± 14.79




	
9

	
67.24 ± 3.80

	
0.96 ± 0.01

	
73.37 ± 1.98

	
176.38 ± 4.05

	
0.97 ± 0.02

	
521.42 ± 12.37




	
10

	
66.57 ± 3.45

	
0.97 ± 0.01

	
76.36 ± 3.09

	
175.10 ± 3.48

	
0.99 ± 0.01

	
530.14 ± 13.23




	
2205 DSS




	
0

	
109.84 ± 3.89

	
0.95 ± 0.02

	
10.30 ± 0.95

	
212.38 ± 3.97

	
0.97 ± 0.02

	
65.61 ± 5.19




	
0.24

	
85.02 ± 2.71

	
0.96 ± 0.01

	
27.27 ± 2.35

	
194.09 ± 3.37

	
0.98 ± 0.01

	
222.93 ± 10.07




	
1

	
72.04 ± 2.16

	
0.96 ± 0.01

	
50.09 ± 2.94

	
179.25 ± 3.06

	
0.98 ± 0.01

	
381.95 ± 13.13




	
2

	
64.02 ± 3.28

	
0.96 ± 0.01

	
64.65 ± 2.77

	
172.03 ± 4.13

	
0.97 ± 0.01

	
470.39 ± 11.84




	
3

	
63.53 ± 3.01

	
0.95 ± 0.02

	
71.27 ± 3.29

	
168.39 ± 3.54

	
0.99 ± 0.01

	
634.18 ± 14.14




	
4

	
62.44 ± 3.05

	
0.96 ± 0.01

	
83.01 ± 3.34

	
163.86 ± 3.23

	
0.98 ± 0.01

	
690.96 ± 15.23




	
5

	
59.24 ± 2.84

	
0.97 ± 0.01

	
88.20 ± 3.17

	
162.89 ± 3.76

	
0.99 ± 0.01

	
721.51 ± 14.46




	
6

	
58.61 ± 3.71

	
0.97 ± 0.01

	
91.88 ± 3.40

	
160.81 ± 3.17

	
0.99 ± 0.01

	
761.70 ± 15.43




	
7

	
58.32 ± 3.42

	
0.97 ± 0.02

	
93.31 ± 3.37

	
158.95 ± 4.20

	
0.98 ± 0.01

	
751.10 ± 16.02




	
8

	
57.39 ± 2.64

	
0.97 ± 0.01

	
95.51 ± 3.04

	
157.84 ± 3.79

	
0.99 ± 0.01

	
769.41 ± 13.52




	
9

	
56.64 ± 2.89

	
0.98 ± 0.01

	
96.73 ± 2.92

	
157.61 ± 3.55

	
0.98 ± 0.02

	
761.70 ± 14.29




	
10

	
56.62 ± 3.11

	
0.97 ± 0.01

	
98.72 ± 3.52

	
157.25 ± 3.22

	
0.99 ± 0.01

	
765.47 ± 14.02
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Table 4. SEM images and elemental composition (on marked spots) of AISI 304L, AISI 316L, and 2205 DSS surface after impedance measurements in PBS.






Table 4. SEM images and elemental composition (on marked spots) of AISI 304L, AISI 316L, and 2205 DSS surface after impedance measurements in PBS.





	
AISI 304L

	
Spectrum




	
Element

	
1

	
2

	
3

	
4

	
5

	
6




	
 [image: Sustainability 14 08935 i001]

	
O

	
10.26

	
7.15

	
1.46

	
2.76

	
2.77

	
0.64




	
Si

	
0.18

	
0.23

	
0.31

	
0.37

	
0.37

	
0.35




	
P

	
4.24

	
3.25

	

	
1.08

	
1.05

	




	
Cl

	
0.91

	
0.67

	

	
0.29

	
0.73

	




	
Cr

	
16.37

	
16.96

	
18.05

	
16.80

	
17.25

	
18.54




	
Mn

	
18.28

	
14.35

	
1.89

	
1.60

	
1.89

	
1.82




	
Fe

	
42.06

	
46.79

	
70.97

	
65.77

	
63.55

	
70.73




	
Ni

	
3.84

	
4.75

	
7.32

	
7.50

	
8.04

	
7.91




	
Cu

	
3.86

	
6.00

	

	
3.83

	
4.34

	




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00




	
AISI 316L

	
Spectrum




	
Element

	
1

	
2

	
3

	
4

	
5

	
6
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O

	
11.62

	
1.07

	
0.68

	
4.41

	
0.82

	
0.68




	
Na

	
4.84

	

	

	

	

	




	
Si

	
1.24

	
0.33

	
0.42

	
0.53

	
0.44

	
0.43




	
P

	
0.40

	
0.11

	

	
0.14

	
0.06

	




	
Cl

	
2.68

	
0.15

	
0.05

	
0.65

	

	




	
Cr

	
13.23

	
17.28

	
17.01

	
17.30

	
17.32

	
17.68




	
Mn

	
0.86

	
0.95

	
1.19

	
1.04

	
1.38

	
1.23




	
Fe

	
56.07

	
69.74

	
68.48

	
65.17

	
67.39

	
66.75




	
Ni

	
7.04

	
8.54

	
10.08

	
8.62

	
10.26

	
10.67




	
Mo

	
2.02

	
1.82

	
2.08

	
2.14

	
2.33

	
2.55




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00




	
2205 DSS

	
Spectrum




	
Element

	
1

	
2

	
3

	
4

	
5
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O

	
4.90

	
1.86

	
1.80

	
0.66

	
0.74

	




	
Na

	
1.41

	
0.93

	
1.08

	

	

	




	
Si

	
0.53

	
0.42

	
0.36

	
0.25

	
0.28

	




	
P

	
0.14

	
0.12

	
0.35

	
0.07

	
0.02

	




	
Cl

	
0.40

	

	
0.07

	

	

	




	
Cr

	
22.55

	
23.66

	
23.63

	
24.32

	
21.13

	




	
Mn

	
1.01

	
1.26

	
1.57

	
1.37

	
1.56

	




	
Fe

	
61.51

	
63.88

	
63.00

	
66.05

	
67.58

	




	
Ni

	
3.69

	
3.88

	
3.83

	
3.41

	
6.22

	




	
Mo

	
3.87

	
3.60

	
4.11

	
3.83

	
2.32

	




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00
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