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Abstract

:

The present work studies the effect of fly ash content (0–25 wt.%), pH (8, 12.5), and steel type (316L, 304L) on the cyclic polarization of stainless steel rebars in electrolytes, simulating fresh concrete exposed to acid rain and corroded concrete cover that has exposed the reinforcement to direct acid rain attack. At the same time, it tries to elucidate the corrosion inhibition activities of a Greek lignite fly ash that is a high-Ca fly ash with a questionable effect on the corrosion resistance of concrete. A higher pH results in lower corrosion rates for both steels and all fly ash content. However, different passivity trends are noted for the two steels as a function of pH. The partial replacement of Ca(OH)2 with fly ash up to 20 wt.% has a beneficial effect on the electrochemical behavior of the stainless steel rebars, in terms of both uniform and localized corrosion resistance. However, this trend is reversed at 25 wt.% FA. The reasons for such trends are explored via microstructural examinations of the steels after polarization and XRD analysis of fly ash, as well as reinforced concrete containing fly ash.
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1. Introduction


The bond strength between steel reinforcements and concrete, along with the durability of concrete, are factors of paramount importance for the structural performance, seismic resistance, and service life of reinforced concrete structures. Both factors are primarily affected by the corrosion of the steel rebar [1,2,3,4,5,6,7,8]).



Corrosion due to acid rain attack has gained rapidly increasing significance owing to recent acute urban and industrial activities [9,10]. An acidity of pH = 3.0–6.5 is detrimental to concrete of high quality [11,12]. Deterioration has been observed even in high performance concrete at pH values lower than 6.5 and sulfate concentrations greater than 500 ppm [12]. Ordinary Portland concrete has minimal (almost no) resistance to acid attacks [13] because all the hydration products of cement-based materials are soluble to acidic solutions. The corrosion of Portland cement and steel reinforcements caused by acid rain is primarily the combined result of the dissolving action of H+ and the expanding action of SO42− [9,14]. However, since acid rain contains many more aggressive constituents than H+ and SO4− (NO3−, Cl−, Mg2+, NH4+, etc.), and its composition varies throughout the world due to variations in industrial and urban activities as well as environmental conditions and disasters, acid rain attacks on concrete involve a more complex mechanism compared to pure acid attacks that may also differ from region to region [14]. Furthermore, the mechanism of attack of sulfate salts included in acid rain (e.g., (NH4)2SO4, Na2SO4, MgSO4) is also highly complicated and leads to increased permeability, porosity, and expansion-due cracking, thereby allowing aggressive ions to reach the embedded steel [12].



In order to minimize or delay the corrosion of steel reinforcements, various methods have been developed and employed, which are categorized by: (i) the employment of alternative reinforcements and slab designs; (ii) barrier methods; (iii) electrochemical methods; and (iv) the use of corrosion inhibitors [15]. Amongst alternative concrete reinforcements, solid stainless steel rebars yield the best structural properties [16]. Therefore, stainless steel rebars are increasingly employed in new concrete structures or for the repair of existing reinforced concrete structures, especially in critical parts subjected to corrosive environments [17]. The corrosion resistance of stainless steels is attributed to their passivation by the formation of a bi-layer film. The outer layer is Fe3+-rich and hydrated (FeOOH, Fe(OH)3), whereas the inner layer is Cr3+-rich and anhydrous with barrier properties. In the case of austenitic steels, the inner layer contains nickel and, depending on the chemistry of the steel, molybdenum [18,19]. Previous studies have shown that the pH of the electrolyte greatly influences the passivity of the austenitic stainless steels. Freire et al. [19] reported that as pH increased from 9 to 13 in NaOH and KOH solutions, the passive film of 316 stainless steel became enriched in Fe2+ species and poorer in Cr3+ species, and hence, less stable. However, Luo et al. [20] noted the opposite trend when pH increased from 8.5 to 12.5 for 316L in a simulated concrete pore solution containing 3.5 wt.% NaCl. Regarding 304 stainless steel, Freire et al. [21] found a notable increase in the pitting potential when pH increased from 9 to 13 in an alkaline electrolyte containing 10 wt.% NaCl. The presence of Mo also affects the passivity of stainless steels as a function of pH. Mo has been found to selectively dissolve in strong alkaline environments and be depleted in the passive film of 316L [22]. Ai et al. [3], reported a weakening in the passivity of Cr10Mo1 steel as the pH increased from 9 to 13.3 at low concentrations of Cl− (0.2 M).



Barrier methods include the partial replacement of cement with mineral admixtures (silica fume, fly ash, blast furnace slag, microsilica, and calcite laterites [13]), amongst others. The partial replacement of cement with fly ash (FA), the main industrial by-product of the combustion of pulverized coal in thermoelectric power stations, has been shown to improve the corrosion behavior of concrete in acidic environments in a number of works [23,24,25,26] for the following reasons: (i) the silica contained in soluble aluminosilicate or Ca-aluminosolicate glasses of the fly ash reacts with the Ca(OH)2 (C-H) generated from cement hydration reactions to form 3CaO·2SiO2·3H2O (C-S-H). Thus, not only does the pozzolanic reaction reduce the amount of reactive C-H remaining in the hardened concrete, but C-S-H is also more stable than C-H [23,24]. (ii) C-S-H gel reduces the micropores of the concrete [25,27]. (iii) Replacing a portion of Portland cement with fly ash reduces the number of reactive aluminates (C3A: 3CaO·Al2O3) available for expansive reactions with SO42− [28].



Fly ash can also increase the resistance of concrete against sulfate attacks [27,28,29,30]. The main cause of this is the reduction in concrete permeability due to pozzzolanic reaction products that fill the capillary channels in the concrete. A complementary cause may be the formation of primary ettringite via the reaction of fly ash with some alumina phases in the cement (e.g., C3A) during the first few days of cement hydration, thus reducing the potential for expansive sulfate–alumina reactions due to sulfate attacks [29].



Preliminary efforts by the authors have shown that partial replacement of cement by FA in stainless-steel-reinforced concrete does not significantly affect the mechanical properties of the reinforcement after 4 m of salt spraying; the existence of an optimum content of fly ash in aqueous Ca(OH)2 that provides the highest corrosion resistance in mildly acidic and mildly alkaline solutions has also been suggested [31,32,33,34].The main scope of the present investigation is to provide an in-depth insight on the effect of fly ash content, pH, and stainless steel type on the electrochemical performance of stainless steel rebars in electrolytes simulating fresh concrete exposed to acid rain, and corroded concrete cover that has exposed the reinforcement to direct acid rain attacks. At the same time, the present effort tries to elucidate the corrosion inhibition activities of a Greek lignite fly ash that is a high-Ca fly ash with a questionable effect on the resistance of concrete to acid rain attacks.



The main motivation behind this work is that there is limited information on the effect of partial replacement of cement with a high-Ca fly ash on the corrosion resistance of steel concrete reinforcements in an acid rain environment. This is due to the high free CaO and S contents, which are considered to negatively affect volume stability and concrete durability [35]. Furthermore, as CaO-rich materials can hydrate independently and form their own Ca(OH)2, there are doubts concerning the positive contribution of a high-Ca fly ash to resistance against sulfate attacks [36]. This is because high Ca-FAs contain high amounts of alumina in their glassy phase that will react with C-H from cement hydration to form C-A-H (3CaO·Al2O3·6H2O) crystalline structures; C-A-H in a sulfate environment may form ettringite.



Nevertheless, certain mineralogical features of high Ca-FAs can reverse the aforementioned negative effects on the sulfate resistance of concrete: alumina in fly ash may partly be found in inert mineral phases, such as melilite, feldspars, muscovite, illite, etc. [37,38,39,40]. Moreover, high contents of sulfates in fly ash may be a benefit to the sulfate resistance of concrete since they decrease the amount of Ca(OH)2 in hardened concrete and promote the formation of ettringite whilst the concrete is still in a plastic state, effectively supersulfating the concrete [41]. In conjunction with the above postulation, Mehta et al. [42], showed improved sulfate resistance of cement pastes containing lignite high-Ca FAs. Tiburzi et al. [43] claimed that blending high amounts of class C fly ash with Portland limestone cement leads to an improved performance in a sulfate environment because of the dilution of calcium aluminates and silicates from the cement and the stabilization of ettringite and monocarbonates over monosulfates and calcium aluminate hydrates. The presence of CaCO3 in fly ash may also benefit the corrosion resistance of concrete, as C-S-H tends to preferentially nucleate on the surface of limestone particles [44].



In this work, 304L stainless steel was selected to be tested as an alternative to 316L concrete reinforcement. Besides the relatively low material cost and high seismic resistance, the main reason for such a selection is the absence of Mo, an element that has a strong positive effect in acidic and neutral environments, but a slightly negative to negative effect in alkaline environments [45].




2. Materials and Methods


2.1. Materials


316L (composition in wt.%: Fe, 0.022% C, 17.31% Cr, 10.08% Ni, 2.02% Mo, 0.54% Si, 1.75% Mn, 0.032% P, 0.001% S) and 304L (composition in wt.%: Fe, 0.03% C, 18.20% Cr, 8.51% Ni, 0.75% Si, 2.00% Mn, 0.045% P, 0.03% S) austenitic stainless steel corrugated bars, 6 mm in diameter and 2.5 cm in length, were utilized for the electrochemical tests. The rebars were produced by hot rolling and pickling, followed by cold rolling. The formation of nerves was made by pressing the metal into special notches in the last roller. Austenite was the main phase of both 316L and 304L rebars; martensite was present at the ribs due to the strain-induced transformation of austenite caused by intensive work hardening.



A pulverized fly ash (FA) from the Hellenic Public Power Corporation lignite mines, in the region of Western Macedonia, Greece, was used to partially replace Ca(OH)2 in an aqueous solution as well as cement in concrete cubes. The main constituents of FA were, in decreasing order of concentrations: CaO, SiO2, Al2O3, SO3, Fe2O3, and MgO [34] (the qualitative mineralogical composition of the fly ash will be detailed in Section 3.3).



Concrete cubes ((7 × 7 × 7) cm3) contained Portland composite cement (CEM II/A-M 42.5R), CEN Standard silica sand and water (proportions according to BS EN 196-1-2005: 450/225/1350 (g), respectively), and FA (replacing 0 wt.% and 25 wt.% of cement), and were reinforced with 316L rebars.




2.2. Electrochemical Testing


316L and 304L rebars were subjected to potentiodynamic polarization in a slightly alkaline electrolyte and a strongly alkaline electrolyte, the exact composition of which will be reported in the following paragraphs. Their edges (having been cut by a diamond saw) were mounted in a two-component epoxy and further masked by PTFE, leaving a ribbed rebar surface area of ~2 cm2 to be immersed in the electrolytes at 25 °C. Polarization runs were performed at the ACM Gill AC potentiostat/galvanostat (ACM Instruments, Cumbria, UK), which was connected to a standard three-cell arrangement (reference electrode: Ag/AgCl/3.5 M KCl, counter electrode: Pt-gauge). Following 2 h of immersion in the electrolytes under an open circuit in order to achieve a steady state, potentiodynamic polarization was carried out in the potential range of −250 mV to +1500 mV versus the steady state potential at a scan rate of 10 mV/min. The corrosion current density (icorr) values were calculated by Tafel extrapolation through linear regression analysis of the potential versus the logarithm of the current density data. A reasonable accuracy was ensured by adopting a number of restrictions that are previously reported in detail [46]. Briefly: (i) the starting potentials of the linear regression should be at least 50 mV away from the corrosion potential, in order to avoid any possible deviation from the Tafel-like behavior at low current density values owing to the influence of the cathodic reaction on the anodic reaction and vice-versa; (ii) the linear regression should extend over at least one decade of current density so that any deviation caused by concentration polarization and other extraneous defects is minimal; (iii) if a linear segment holding for a current density range of at least one order of magnitude could not be found in the anodic curve (a common case in anodic polarization, due to concentration effects and surface roughening), then Tafel extrapolation could be performed only in the cathodic polarization portion; (iv) a low scan rate should be applied so that the contribution of the current generated for charging the surface capacitance to the current generated from electrochemical reactions is as low as possible; (iv) the linear regression coefficient should be at least 0.98.



Cyclic polarization (CYP) was performed to investigate the resistance of the steel rebars to localized corrosion (complemented by the findings of anodic potentiodynamic polarization and microstructural examination). The main principle of this technique is that localized corrosion will occur if the current density of the reverse anodic polarization curve is greater than the current density of the forward anodic polarization curve at the same anodic potential, resulting in a “negative hysteresis loop” [46,47,48,49,50].



The electrolyte used contained 1.8 g of Ca(OH)2 per L of an acid rain (AR) simulating solution, and FA replacing 0–25 wt.% of Ca(OH)2. The acid rain simulating solution consisted of (g/L H2O): H2SO4: 0.032; HNO3: 0.015; (NH4)2SO4: 0.046; Na2SO4: 0.032; NaNO3: 0.021; and NaCl: 0.084 [51]. The initial pH of this electrolyte ranged between 12.3–12.7. The appropriate addition of drops of H2SO4 to the above electrolyte led to attaining a pH value of 7.5–7.9.



The selection of the aforementioned pH values was based on the following rationale: as sulfuric acid simultaneously penetrates and chemically reacts with concrete [52], acid rain can directly attack the reinforcement only when the concrete cover is cracked (conversely, it is well-documented in the literature that chloride diffuses through concrete porosity to the rebar surface without any strong and harmful interactions with the cementitious binder [52]). It is also taken into account that: (a) an alkaline solution of saturated Ca(OH)2 (i.e., 1.8 g of Ca(OH)2 per L of H2O, pH ≈ 12.5) simulates the solution remaining in the pores and capillary voids of the concrete after the hydration process [53]; (b) acid attacks to the cement paste involve a continuous travel of Ca(OH)2 from the interior of the structure to the surface, resulting in an unsaturated concrete pore solution [11]; (c) in high sulfate and low pH environments, the corrosion of the reinforcing steel is the dominant degradation mechanism of a concrete structure [12]. Therefore, it is herein postulated that the slightly alkaline aqueous solution of pH = 7.5–7.9 may simulate a cracked concrete cover that has directly exposed the steel reinforcement to acid rain in compatibility with Fan et al. [54]. Concomitantly, the strongly alkaline electrolyte of pH = 12.3–12.7 may simulate fresh concrete subjected to AR attacks.




2.3. Microstructural Examination


The microstructure of cross sections of 316L and 304L specimens after electrochemical testing (cross sectioned at ribs by a diamond saw and polished with a standard metallographic procedure) was evaluated by scanning electron microscopy (SEM) and energy dispersion X-ray spectroscopy (EDX) at the JeoL JSM 6510 LV system (JEOL, Tokyo, Japan) equipped with an Oxford Instruments X-Act EDX analyzer (Oxford Instr. plc, Abingdon, UK).



The qualitative mineralogical composition of FA was determined by X-ray diffraction (XRD) at the Bruker D8 Advance Diffractometer (Ni-filtered CuKa1, standard slit, step size: 0.02°, step time: 2 s/step, Bruker, MA, USA). XRD was also performed on samples received from the inner part (i.e., a few mm away from the steel reinforcement) of concrete cubes (with 0 and 25 wt.% FA in cement) that had been hydrated for 28 d.





3. Results-Discussion


3.1. Electrochemical Performance


3.1.1. General Observations


Figure 1 and Figure 2 include representative cyclic voltammograms of 316L and 304L rebars during immersion in the electrolyte containing Ca(OH)2 partially replaced by fly ash (0–25 wt.%) and an acid rain simulating solution, at the pH values of ~8 (7.5–7.9) and ~12.5 (12.3–12.7), respectively. Table 1 and Table 2 present critical electrochemical values drawn from the polarization curves. The values reported in Table 1 and Table 2 (Ecorr: corrosion potential; Ecp: critical passivation potential; Eb: breakdown potential; Ea/c tr: anodic-to-cathodic transition potential during reverse scanning; icorr: corrosion current density; ip: current density in the middle of the passive stage) are the average values drawn from three to five replicate runs. The critical potential values are highlighted in Figure 1a and Figure 2. All forward anodic portions are characterized by passivity in a great range of potentials (851–1207 mV vs. Ag/AgCl). Passive currents are very low (one to three orders of magnitude lower than 0.1 mA/cm2), suggesting true passivity.



A two-stage passive regime is discerned from the forward anodic curves at pH ≈ 12.5 (Figure 2). The low-potential passive regime is due to the formation of the well-established bi-layer film, as discussed in the Introduction. The breakdown of the first passive stage occurs at Eb1 due to the transpassive dissolution of the Cr2O3 barrier layer (Equation (1)), which leads to a depletion of Cr in the first atomic layers near the solution [55,56,57]. The very slow increase in current during the first passive stage has been associated with the formation of high valency Cr in the film prior to the massive transpassive dissolution [58]. The first film breakdown is followed by a stage of secondary passivity, where the chromate-based film is not as protective as the passive film prior to transpassive dissolution [57]. The secondary passivity stage ends at the second breakdown potential (Eb2), where some species in the solution, e.g., OH−, are oxidized to give O2(g) (Equation (2)).


Cr2O3 + 5H2O → 2CrO42− + 10H+ + 6e−



(1)






4OH− → O2 + 2H2O + 4e−



(2)







In the case of pH ≈ 8, the distinction between the two passive stages is not clear. However, upon closer observation, subtle increases in current are also discerned, though this occurs at higher Eb1 values compared to pH ≈ 12.5, which cannot be determined accurately. Breakdown becomes distinct at Eb2 (noted in Figure 1a), indicating that the breakdown caused by transpassive dissolution occurs over a potential range, whilst, at Eb2, transpassive dissolution contributes to the steep current increase at Eb2, besides the oxygen evolution reaction [59]. The different characteristics of passivity at the two pH values will further be discussed in Section 3.1.3.



The majority of the anodic polarization curves in Figure 1 and Figure 2 form positive hysteresis loops, namely lower current densities during reverse scanning as compared to forward scanning. Even in the cases of negative hysteresis, the surface areas of the loops are small and the anodic-to-cathodic transition potentials (Ea/c tr) are slightly nobler, equally noble or few decades of mV lower than the corrosion potentials (Ecorr), implying slightly nobler, equally noble or modestly more active surfaces as compared to the surfaces at Ecorr. The physical meaning of the aforementioned observation is further analyzed: a nobler anodic-to-cathodic transition potential compared to the corrosion potential suggests that the corroded area converts to act as a cathode, and its dissolution is retarded by the non-corroded area; conversely, the non-corroded area selectively corrodes. As a consequence, the corrosion of the alloy progresses in a uniform manner and mainly spreads to the width [60]. On the other hand, a less noble Ea/c tr in relation to Ecorr would suggest that the corroded area on the alloy would still act as an anode, leading to its accelerated corrosion by the non-corroded area as well as the protection of the non-corroded area that acts as a cathode. As a consequence, the corrosion of the alloy would spread to the depth causing the formation of many deep pits [60].) Therefore, the long regimes of true passivity, the positive hysteresis loops, and the usually nobler or equally noble anodic-to-cathodic transition potential values compared with the corrosion potential values imply a good resistance to localized corrosion for both types of stainless steel at both pH values [46,47,48,49,60,61].



In all cases, irrespective of FA content, steel type, and pH value, the reverse cathodic currents are similar to the forward ones, indicating insignificant surface damage at the end of the cyclic run.




3.1.2. The Effect of Fly Ash


Table 1 and Table 2 show that the corrosion current density (icorr) and the passive current values decrease as the FA addition increases up to 20 wt.%, for both stainless steels and pH values. Slight increases in Ecorr with increasing FA content are also observed. Moreover, Figure 1 and Figure 2 manifest a clear shift of the forward anodic polarization curves to lower currents with increasing FA content up to 20 wt.%. However, the above trends reverse with the addition of 25 wt.% FA; the respective curves present greater corrosion current density values and greater passive current density values compared to the 10–20 wt.% FA curves.



Li et al. [62] identified three modes of CYP curves in steel rebars in strongly alkaline Ca(OH)2 solutions: (a) mode A, where pitting does not initiate up to the oxygen evolution potential or during the reverse scan; the anodic scan of mode A behavior is characterized by a positive hysteresis loop (i.e., smaller “reverse” currents than the “forward” ones corresponding to the same potential), as exhibited by curves “10–20 wt.% FA” in Figure 1a, curve “15 wt.% FA” in Figure 1b, curves “0–25 wt.% FA” in Figure 2a and curves “0–20 wt.% FA” in Figure 2b; (b) mode B, where pitting initiates at a potential near the potential of oxygen evolution, usually during forward scanning, but sometimes at a lower potential during reverse scanning; as a result, the positive hysteresis at high anodic potentials turns negative at lower anodic potentials, as shown by curves “0 and 25 wt.% FA” in Figure 1a and “0, 20, 25 wt.% FA” in Figure 1b; (c) mode C, where pitting initiates well below the potential of oxygen evolution during forward scanning, leading to a large negative hysteresis loop through the whole anodic scan.



Regarding the CYP mode of 316L at pH ≈ 8 (Figure 1a): The CYP mode of the 0 wt.% FA curve corresponds to mode B, where localized phenomena have occurred just below Eb2 (see spikes just below Eb2, noted by a red arrow in Figure 1a), leading to a negative hysteresis loop (i.e., higher “reverse” currents than “forward” ones at the same potential) of an appreciable surface area and an Ea/c tr potential that is slightly more negative than the Ecorr potential; pitting just below Eb2 may account for the clearly lower value of Eb2 compared to the breakdown potential of the 10–25% FA curves in Figure 1a. The CYP modes of the 10, 15, and 20 wt.% FA curves correspond to mode A, with positive hysteresis loops presenting large surface areas, especially in the cases of 15 and 20 wt.% FA, suggesting the absence of any localized phenomena. The CYP mode of the 25 wt.% FA curve corresponds to mode B, where hysteresis turns negative ~350 mV below Eb2 during reverse scanning; taking into account the slightly jagged pattern of the forward anodic curve in contrast with the intensive jagged pattern of the reverse anodic curve, the likely occurrence of localized phenomena during reverse scanning is implied. Nevertheless, the negative hysteresis surface area is quite small and the Ea/c tr value is slightly nobler than the Ecorr value, indicating that the occurrence of pitting is highly localized. It should be noted that in the case of 0% FA, three out of five replicate runs led to mode A, and two out of five runs led to mode B; in the case of 10 wt.% FA, two thirds of the replicate runs led to mode A, and one third led to mode B; and in the case of 15 wt.% FA, two out of five of the replicate runs led to mode A, and three out of five led to mode B. In the case of 20 wt.% FA, all of the replicate runs led to mode A; in the case of 25 wt.% FA, one third of replicate runs led to mode A, and two thirds led to mode B.



Regarding the CYP mode of 304L at pH ≈ 8 (Figure 1b): The CYP mode of the 0 wt.% FA curve corresponds to mode B, where localized phenomena have occurred just below Eb2, leading to a negative hysteresis loop of small but appreciable surface area and an Ea/c tr potential that is 28 mV more negative than the Ecorr potential. The CYP mode of the 15 wt.% FA curve corresponds to mode A, whereas the CYP mode of the 20% FA curve corresponds to mode B but with negligible negative hysteresis, starting at ~450 mV below Eb2. The mode of the 25 wt.% FA curve also corresponds to mode B, where localized phenomena have been initiated during reverse scanning at ~550 mV below Eb2. Here, it should be noted that in the case of 0 wt.% FA, two thirds of the specimens of the replicate runs behaved according to mode B (localized phenomena during reverse scanning) and one third behaved according to mode A (an absence of any localized phenomena); in the cases of 10 wt.% FA, 15 wt.% FA, and 20 wt.% FA, two out of four of the replicate runs led to mode A and two out of four of the replicate runs led to mode B; in the case of 25 wt.% FA, all of the specimens of the replicate runs behaved according to mode B.



Whether the negative hysteresis (of a small but noticeable surface area) of the 25 wt.% FA curves starting several hundred mV below Eb2 (pH ≈ 8) during reverse scanning is associated with pitting will further be investigated by microstructural observations. In any case, localized phenomena, if any, seem to have occurred several hundred mV below the potential of oxygen evolution (EOE) during reverse scanning, showing that attaining the oxygen evolution state is kinetically faster than attaining pitting in agreement with Wang et al. [22].



Regarding the CYP mode of 316L at pH ≈ 12.5 (Figure 2a): The CYP modes of all the curves of Figure 2a correspond to mode A, with positive hysteresis loops presenting large surface areas in the cases of 10, 15, and 20 wt.% FA, implying the absence of localized phenomena. It should be noted that in the case of 0 wt.% FA, two out of four of the specimens of the replicate runs behaved according to mode A, and two out of four behaved according to mode B; in the case of the 10 wt.% FA, the majority (four fifths) of the specimens of the replicate runs behaved according to mode A, and one fifth behaved according to mode C; in the cases of the 15 wt.% FA and 25 wt. FA, three quarters of the specimens of the replicate runs behaved according to mode A, and one quarter behaved according to mode B; in the case of 20 wt.% FA, all of the specimens of the replicate runs behaved according to mode A.



Regarding the CYP mode of 304L at pH≈12.5 (Figure 2b): The CYP modes of the 0, 10, 15, and 20% FA curves of Figure 2b correspond to mode A, with positive hysteresis loops presenting large surface areas in the cases of 10, 15, and 20 wt.% FA. The CYP mode of the 25 wt.% FA curve differs from modes A, B, and C; current fluctuations just above Eb1, namely just above the transpassive potential (noted by an ellipsis in Figure 2b), are associated with a negative hysteresis loop and an Ea/c tr potential that is 60 mV more negative than the Ecorr potential. Here, it should be noted that in the cases of the 0, 15, and 20 wt.% FA, all of the specimens of the replicate runs behaved according to mode A; in the case of the 10 wt.% FA, two thirds of the specimens of the replicate runs behaved according to mode A, and one third behaved according to mode B; in the case of 25 wt.% FA, one third of the specimens of the replicate runs behaved according to mode A, one third of the specimens of the replicate runs behaved according to mode B, and one third of the specimens of the replicate runs as in Figure 2b.



Often, at pH ≈ 12.5, the reverse scan above Eb2 = EOE corresponds to slightly greater current densities in comparison with the forward scan. In the context of positive hysteresis (i.e., lower reverse currents than forward ones) just below EOE, the above mentioned current increase can be attributed to surface modification due to the O2 evolution process, in agreement with Abreu et al. [63].



To conclude, partial replacement of Ca(OH)2 with FA up to 20 wt.% FA has a beneficial effect on the polarization behavior of the stainless steel rebars under the attack of acid rain mimicking solution in terms of thermodynamic tendency for corrosion (slightly but consistently increasing Ecorr with FA content), corrosion kinetics (decreasing icorr with FA content), and passive film stability (decreasing ip and, in most cases, slightly increasing (Eb − Ecp) with FA content). Replacement of Ca(OH)2 with 20 wt.% FA leads to the highest localized corrosion resistance (in terms of the highest fraction of replicate runs with a positive hysteresis loop (i.e., lower “reverse” currents than “forward” ones corresponding to the same potential) and the highest positive values or lowest negative values of (Ea/c tr − Ecorr); however, replacement with 25 wt.% FA leads to the lowest localized corrosion resistance (in terms of the highest fraction of replicate runs with positive hysteresis turning negative during reverse scanning, and, in most cases, the lowest positive values of (Ea/c tr − Ecorr)).



The reasons for the aforementioned effect of FA addition will be discussed in Section 3.2.




3.1.3. Effect of pH


Figure 3 illustrates the effect of pH on the forward polarization curves of 316L (Figure 3a) and 304L (Figure 3b).



It is generally observed that a higher pH results in a lower corrosion potential for both steels and all FA contents. The decrease in Ecorr with increasing pH from 8 to 12.5 can mainly be attributed to the effect of pH on cathodic processes, namely: (a) in the pH range of 8 to 12.5, the predominant reduction process is oxygen reduction. Its electrochemical potential decreases as pH increases [55]. Hence, in the presence of dissolved oxygen, the electrochemical potentials of the equilibria Fe/Fe3O4, Fe/FeO or Fe/Fe(OH)2, Cr/CrO or Cr/Cr(OH)2, CrO/Cr2O3 or Cr(OH)2/Cr(OH)3·nH2O, Cr/Cr2O3 or Cr/Cr(OH)3, Ni/NiO or Ni/Ni(OH)2, and Mo/MoO42− decrease with increasing pH [55]. (b) The reduction of Fe3+ to Fe2+ also contributes to the determination of Ecorr [64]. Freire et al. reported that the Fe2+/Fe3+ ratio in the surface film of 316L in alkaline media increases with increasing pH; accordingly, the potential of the redox couple decreases, resulting in more negative corrosion potential values [19].



In Table 1 and Table 2 it is observed that the corrosion current density values at pH ≈ 8 are markedly higher than those at pH ≈ 12.5, for both steels and all FA contents. This trend can be attributed to the relatively fast dissolution of Fe at pH ≈ 8, as follows: at pH ≈ 8, Cr-oxides have higher stability whereas Fe-oxides have lower stability compared to pH ≈ 12.5 [3]. Hence, at pH ≈ 8, iron oxides in the external layer of the steel surface film gradually decompose and release soluble ions into the electrolyte; consequently, metallic iron dissolution from the substrate below the film into the defective film layer (as Fe(OH)aq) is promoted [65]. Ni dissolution follows at a lower rate [66]. In turn, Cr from the steel substrate dissolves through and into the loose/porous FeOOH/Fe(OH)3 layer formed during the decomposition of iron oxides, but it rapidly passivates [3]. Garcés et al. [67] also noticed a decrease in icorr of corrugated 1030 steel rebars in s. Ca(OH)2 containing FeCl2 as pH increased from 9.5 to 14.



In the case of 316L, the passive currents at pH ≈ 12.5 are greater than those at pH ≈ 8, suggesting the formation of passive films of higher conductivity. The most likely reason for the inferior passivity of 316L at pH ≈ 12.5 with respect to pH ≈ 8 is associated with the poor performance of Mo in strongly alkaline environments, as reported in the Introduction. According to Montemor et al. [18], Mo in stainless steels modifies the properties of the passive film by introducing changes in its defect structure, namely, by decreasing the number of acceptors of the p-type Cr-oxide layers and decreasing the number of donors of the outer n-type (semiconductive) Fe-rich oxide layers. However, in strongly alkaline conditions, Mo is highly unstable, exhibiting a dissolution rate that is more than one order of magnitude higher than that in a neutral solution [68]. The result of the inferior passivity of 316L at pH ≈ 12.5 is compatible with the works of Mesquita et al. [45] and Refaey et al. [69]; the former noted the negative influence of Mo on the pitting resistance of 316L at pH = 12.5, whereas the latter measured a lower pitting potential for 316L than 304L, at pH = 12. The work of Ai et al. [3] also agrees with this, as addressed in the Introduction.



Conversely, in the case of 304L, the passive currents at pH ≈ 12.5 are lower than those at pH ≈ 8 (Figure 3b), suggesting the formation of passive films of lower conductivity compared to those at pH ≈ 8. First, the Mo that could negatively affect the passivity of the austenitic steel is absent in 304L steel. Second, in basic solutions under an applied anodic polarization, hydroxyl ions are selectively attracted to the metallic surface, thus promoting the stability of the passive film [70]. OH− ions are also attracted to the surface of 316L at pH ≈ 12.5, however, it appears that their positive effect on the passive film is surpassed by the negative effect of Mo. Third, as Olsson and Landolt [71] reported (and in accordance with a previous paragraph), the main effect of a higher pH is a lower dissolution rate. This results in a thicker passive film with a larger fraction of iron in it, since Fe-oxides are more stable in alkaline solutions. Schmutz and Landolt [72] found that the oxidized iron present in the outer part of the passive film of an Fe-25Cr alloy in 0.1 M NaOH (pH = 13) had a stabilizing effect.



The decrease in the breakdown potential (Eb2) with pH for both steels and all FA contents are in agreement with the respective decrease in the oxygen evolution potential.



As mentioned in 3.1.1, in the case of pH ≈ 8, the distinction between the two passive stages is not as clear as in the case of pH ≈ 12.5. This observation is in agreement with the Cr-H2O Pourbaix diagram [55], where the difference between the oxygen evolution potential and the transpassivity onset potential at pH ≈ 8 is notably smaller than that at pH ≈ 12.5.




3.1.4. Effect of Stainless Steel Type


The effect of stainless steel type on the voltammograms at the two different pH values is illustrated in Figure 4a (pH ≈ 8) and Figure 4b (pH ≈ 12.5).



304L behaves exceptionally well at pH ≈ 12.5. In all cases of FA content, 304L exhibits lower icorr than 316L (Table 2). The aforementioned instability of Mo in strongly alkaline conditions may account for the relatively high corrosion current densities of 316L at pH ≈ 12.5. Indeed, the facilitation of high general corrosion rates of austenitic and duplex stainless steels in strongly caustic electrolytes by molybdenum (due to its active corrosion to MoO42−) has previously been demonstrated [73,74]. Similarly, the low passive currents exhibited by 304L as compared to 316L at pH ≈ 12.5 (Table 2 and Figure 4b) are justified by the absence of Mo in 304L, since, as aforementioned in Section 3.1.3, Mo has a negative influence on the passivity of the steel [22,45,69].



On the other hand, 316L exhibited lower icorr than 304L at pH ≈ 8 (Table 1). This is mainly caused by the presence of Mo in 316L. It is established that Mo affects dissolution kinetics and inhibits the active dissolution current density of stainless steels [75]. The transient dissolution of MoO42− in the active stage and the formation of Mo6+ species (such as oxy-hydroxides or molybdates) in the surface film formed in the active region may reduce the concentration of metal cations in the corrosive system and, consequently, the corrosion current density [76]. Likewise, the low passive currents of the voltammograms of 316L as compared to 304L at pH ≈ 8 (Figure 4a and Table 1) are mainly attributed to the stabilization effect of Mo on the passive film, as aforementioned in Section 3.1.3. In addition, at pH ≈ 8, 316L exhibits a smaller fraction of mode B-CYP curves than 304L, reflecting its superior localized corrosion response.



To conclude, at pH ≈ 12.5, 304L shows better performance than 316L in terms of lower corrosion current density and lower passive current densities. Conversely, at pH ≈ 8, 316L shows superior performance to 304L in terms of lower corrosion current density and lower passive current densities.





3.2. Microstructural Study of the Corroded Reinforcements: The Effect of Fly Ash


Figure 5 and Figure 6 present SEM cross-sectional micrographs of 304L rebars and 316L rebars, respectively, after cyclic polarization in the two electrolytes of pH ≈ 8 and pH ≈ 12.5. The magnification is relatively low for a general view. In all cases, a fine surface state is manifested.



Higher-magnification, cross-sectional micrographs are illustrated in Figure 7, Figure 8, Figure 9 and Figure 10 in order to reveal characteristic aspects of the microstructure of the corroded specimens in regard to the effect of fly ash. The microstructural states of specimens presenting the best (20 wt.% FA) and the worst (25 wt.% FA) electrochemical performance amongst the 10–25 wt.% range are shown herein, in order to elucidate the existence of a maximum beneficial effect of FA addition.



Figure 7 reveals the formation of a compact film on the surface of 304L after CYP in the electrolyte containing 20 wt.% FA, at pH ≈ 8 (Figure 7a) and pH ≈ 12.5 (Figure 7b). The film has been formed by the interaction between steel, Ca(OH)2, FA, and AR. The participation of FA in the film is suggested by the presence of Al, Si, and traces of S and K (EDX spectra 6 and 7 in Figure 7a, and EDX maps of Al and Si in Figure 7b). The high-lime FA, derived from lignite coal, participates in the surface film by forming calcium silicate hydrates (C-S-H) and calcium aluminate hydrates (C-A-H) through pozzolanic reactions (i.e., reactions with Ca(OH)2) and/or cementitious (hydraulic) reactions (i.e., direct reactions with water) [77]. The interaction with AR is indicated by the presence of traces of Cl, S, and Na (EDX spectra 6 and 7 in Figure 7a). The interaction with steel is shown by the presence of significant amounts of Fe and Cr in the Ca-oxide based film (EDX spectra 6 and 7 in Figure 7a). A similar state for 316L after CYP at pH ≈ 8 is presented in Figure 8; a compact film, rich in Ca, O, Fe, Si, Cr, Al, and Ni has been formed on the surface of the steel. The detection of Si, Al, and traces of Mg suggest the participation of FA in the surface film.



On the other hand, localized manifestations of corrosion in the form of pits are observed on the surface of 304L after CYP in the electrolyte containing 25 wt.% FA at pH ≈ 8 (Figure 9). The minor presence of Si, Al, and S in spectrum 23 (Figure 9) shows that FA participates in the Ca-rich film on the steel surface through pozzolanic and/or cementitious reactions. The presence of Fe, Cr, and Ni-traces in the film shows the interaction between Ca(OH)2 and FA with steel. The film has been attacked by Cl− and possibly SO42− at defective sites, such as MnS/(Fe,Cr) interfaces [21] and/or FA agglomerates/steel-substrate boundaries; the latter sites are suggested by the electron micrograph of Figure 9, its EDX layered map, and spectra 18 and 22, showing pits filled with agglomerated particles of FA. More analytically, the detection of Cl− in the pits (see spectra 18 and 22 in Figure 9) suggests an attack by Cl−. Furthermore, the increased presence of Ca, S, Si, and minor/traces of Al and Mg in the pits associates pitting with agglomerates of FA. In agreement with previous works [31,32,33,78], it is postulated that FA in large amounts (such as 25 wt.%) tends to form agglomerates, especially when the individual particles are nano- or submicron-sized due to their high surface energy. These agglomerates cannot yield such an intensive pozzolanic or cementitious reaction with Ca(OH)2/water as fine individual particles do, owing to their low specific surface area. Hence, they cannot extensively form corrosion resistant surface deposits (e.g., C-S-H, C-A-H). Instead, they participate through the above reactions in surface films, which, however, are not locally compact enough due to incoherent interfaces between poorly reacted FA agglomerates and Ca(OH)2. The aggressive ions of the electrolyte (Cl− and SO42−) penetrate the passive film at these defective sites, eventually causing pitting. The steel below the agglomerates, where Cl− concentration is high and pH is low, has limited access to oxygen, thereby acting as a small anode next to a large cathode. The large cathodic surface is adjacent steel that remains passive in the alkaline environment of Ca(OH)2, and also contains C-S-H compounds from the interaction of finely divided FA with Ca(OH)2. Deepening of the pits occurs auto-catalytically due to the great reduction of pH through hydrolysis reactions. This increase in acidity causes an acceleration in the dissolution rate inside the pit [79].



A similar situation is observed in Figure 10 illustrating pitting at the surface of a 316L rebar having been subjected to CYP in the electrolyte that contains Ca(OH)2 partially replaced by fly ash (25 wt.% FA) at pH ≈ 12.5. Coarse agglomerates of FA appear to have accumulated above or inside pits. EDX spectra 29 and 30 present the chemical interaction of FA (Ca, Si, K, S) with the steel surface (Fe, Cr, Mn) and the electrolyte (Ca, Na, Cl, S).



Nevertheless, in the case of 25 wt.% FA (as well as 0 wt.% FA), corrosion is highly localized and rare, as deduced from the low magnification images of Figure 5 and Figure 6, which are free of corrosion signs. Moreover, it should be noted that although small pits may actively corrode, they may not cause massive accumulation of corrosion products over a large area of rebar, consequent stresses at the concrete–rebar interface, and eventual cracking of the concrete [80].




3.3. The Effect of Fly Ash on the Corrosion Resistance of Concrete


The simultaneous presence of Ca, Si, Al, K, S, Mg, and O in the Ca-rich film deposited on the surface of the steel indicates the participation of FA in the film (Figure 7, Figure 8, Figure 9 and Figure 10). The benefits of such participation stem from the mineralogical composition of the FA employed in this work, which, from a qualitative viewpoint, is presented in the X-ray diffractogram of Figure 11. In particular, Figure 11 reveals: (i) the high content of reactive calcium bearing phases in FA that may induce cementitious reactions; (ii) the presence of amorphous phases of pozzolanic character; and (iii) the occurrence of a great part of the Al2O3 contained in the FA in inert minerals of the FA.



Analytically, the main mineral phases detected were (powder diffraction file (PDF) numbers in parentheses): calcite (CaCO3 (5-586)), anhydrite (CaSO4 (37-1496)), quartz (SiO2 (46-1045)), lime (CaO (37-1497)), and hematite (Fe2O3 (33-664)). Minerals with a minor presence include: brownmillerite (Ca2(Al,Fe)2O5 (30-226)), periclase (MgO (74-1225)), merwinite (Ca3Mg(SiO4)2 (74-382)), portlandite (Ca(OH)2 (44-148)), K-feldspars including primarily microcline (KAlSi3O8 (19-926)), and secondarily sanidine (KAlSi3O8 (71-1544)), other K-Al-silicates (26-893, 79-1823, 50-1679), illite (K0.7Al2(Si,Al)4O10(OH)2 (29-1496) and KAl2(Si3Al)O10(OH)2 (43-685)), and traces of plagioclase (calcian-albite (Na,Ca)Al(Si,Al)3O8 (41-1480)). All of the above phases have been reported to occur in Greek lignite fly ashes [37,38,39,40]. Anhydrite, lime, brownmillerite, periclase, and portlandite are reactive minerals; quartz, hematite, K-feldspars, illite, plagioclases, and other K-Al silicates are inert minerals [37,41]. The peaks in the approximate range of 2θ ≈ 19°–35.5° are protruding from a humpy base, which indicates the presence of amorphous phases. These phases are mainly glass and the remains of clay minerals of lignite decomposed by burning. Some of them may render pozzolanic or latent hydraulic activit, through the reaction of the silica and alumina contained in the glasses with C-H from the hydration of cement to form C-S-H and C-A-H binder compounds [37,41]. Hence, the intensive presence of reactive minerals (especially anhydrite and lime) and glassy phases in the fly ash render hydraulic and pozzolanic properties, making the employed fly ash a potentially good binding agent [37,38]. On the other hand, the inert crystalline silicates that are present in the FA engage a large part of Al2O3; therefore, less Al2O3 is available to form Ca-aluminate hydrates (C-A-H) or monosulfoaluminate (Afm), which might react in a sulfate environment to form ettringite [41,42].



In order to further explore and confirm the beneficial effect of the Greek lignite FA as a corrosion inhibitor in reinforced concrete, XRD was carried out on the inner part (i.e., a few mm away from the steel reinforcement) of concrete cubes with 0 and 25 wt.% FA, in cement that had been hydrated for 28 d. The aim was to bring out the boosting abilities of FA with respect to: (a) the supersulfating state of the concrete; and (b) the pozzolanic reactions (with Ca(OH)2) or self-cementitious reactions (with water) in the concrete, in the context of the relevant literature addressed in the Introduction.



The XRD pattern of the FA-free concrete in Figure 12 shows the expected hydration products [81,82]. More analytically, various C-S-H phases have been detected that constitute the main hydration product of cement. The C-S-H minerals detected were (their PDF numbers in parentheses): 2CaO∙SiO2∙H2O (3-594), 2CaO∙SiO2∙0.30H2O (15-584), CaO∙SiO2∙H2O (9-210), 6CaO∙6SiO2∙H2O (23-125), CaO∙2SiO2∙2H2O (12-739), 5CaO∙6SiO2∙H2O (29-329), and 5CaO∙3SiO2∙2H2O (12-475). For simplicity, all the above C-S-H minerals are represented in the diffactogram of Figure 12 by the number 1. Other hydration products detected were: CaO2∙8H2O (47-703), C-H (Ca(OH)2, 44-1481), C-A-Š-H (6CaO∙Al2O3∙2SO2∙33H2O, 46-70), Aft (ettringite 3CaO∙Al2O3∙3CaSO4∙32H2O, 72-646), Afm (monosulfoaluminate 3CaO∙Al2O3∙CaSO4∙14H2O, 42-62), and C-A-H (12CaO∙3.5(Al1.98Fe0.02)2O3∙H2O, 45-565). The marked presence of calcite (CaCO3) is mainly attributed to the significant presence of calcite in OPC-SEM II/A-M 42.5R. Unreacted C2S (2CaO∙SiO2), C3S (3CaO∙SiO2), C3A (3CaO∙Al2O3), and C4AF (4CaO∙Al2O3∙Fe2O3) phases were not detected.



The XRD pattern of the FA-containing cube in Figure 12 shows that the partial replacement of cement by FA has caused the formation of new phases. For a clearer distinction, the new phases in the 25 wt.% FA cube are noted by red Latin alphabet letters in Figure 12. Hence, the formation of new aluminum sulfate (and sulfite) hydrates (A-   S ¯   -H phases), along with the pre-existing C-A-Š-H, Aft, and Afm phases, is observed in the “25 wt.% FA” diffractogram. Analytically, the new sulfate (and sulfite) hydrates detected were: Al12(SO4)5(OH)26 (29-88), Al2(SO4)3∙14H2O (49-1097), 13Al2O3∙6SO3∙79H2O (74-1414), (H3O)Al3(SO4)2(OH)6 (16-409), and Al2SO4(OH)4∙5H2O (32-27). For simplicity, all the above A-Š-H phases are represented in the diffractogram of Figure 12 by the letter “a”. Therefore, the amount of SO42− available to participate in expansive sulfate–alumina reactions due to AR attacks may be reduced, in compatibility with [30,41]. Furthermore, peaks corresponding to the Afm phase, which may react with sulfate ions to form ettringite [36], are notably reduced in the “25 wt.% FA” diffractogram in comparison with the “0 wt.% FA” diffractogram. The contribution of the FA in supersulfating the concrete is, thereby, confirmed.



In addition, newly formed Ca–Al–Fe–silicate hydroxides (Ca2Al2FeSi3O12(OH), 72-3775 and Ca10Fe5Al27Si18O89(OH)5, 11-127) denoted by the letter “b” in Figure 12) were detected, which are more stable than C-H. The formation of such phases, along with a decrease in peaks uniquely assigned to C-H, confirm the pozzolanic activity of the employed FA.





4. Conclusions


The following conclusions are drawn from this investigation on the cyclic potentiodynamic polarization of 316L and 304L corrugated stainless steel rebars in a slightly alkaline electrolyte (pH ≈ 8) and a strongly alkaline electrolyte (pH ≈ 12.5) containing Ca(OH)2 partially replaced by fly ash (0–25 wt.%) and an acid rain simulating solution:




	
Both steels show high resistance to localized corrosion at both pH values, regardless of the fly ash (FA) content. Passivity takes place in two stages (clearly distinct at pH ≈ 12.5, whilst hardly distinct at pH ≈ 8). The passive film formation in the first stage breaks down due to the transpassive dissolution of Cr2O3. The secondary passivity, owing to chromate-based film formation, breaks down due to O2 evolution.



	
With regards to the effect of fly ash, the partial replacement of Ca(OH)2 with FA up to 20 wt.% has a positive effect on the polarization behavior of the stainless steel rebars in terms of thermodynamic tendency for corrosion, corrosion kinetics, and the stability of passive film. Replacement of Ca(OH)2 with 20 wt.% FA leads to the highest localized corrosion resistance amongst the 0–25 wt.% FA content; however, replacement with 25 wt.% FA leads to the lowest localized corrosion resistance amongst the 10–25 wt.% FA content.



	
With regards to the effect of pH, the high pH Value results in a lower corrosion potential and a lower corrosion current density for both steels and all FA contents compared to the low pH value. Furthermore, the high pH value induces higher passive currents compared to the low pH Value in the case of 316L, but lower passive currents in the case of 304L, for all FA additions.



	
With regards to the type of stainless steel, at pH ≈ 12.5, 304L shows better performance than 316L in terms of lower corrosion current density and lower passive current densities, attributed to the absence of Mo. Conversely, at pH ≈ 8, 304L shows worse performance than 316L in terms of higher corrosion current density and higher passive current densities.



	
The beneficial effect of the FA on the electrochemical behavior of stainless steel is justified by the participation of FA in the Ca-rich film deposited on the steel surface. The benefits from such participation may stem from the mineralogical composition of the FA employed in this work, particularly: (i) the high content of reactive phases in FA with hydraulic and pozzolanic properties; and (ii) the engagement of a large part of Al2O3 in inert K-Al silicate minerals, thus limiting the availability of alumina to react in a sulfate environment to form ettringite. Moreover, the boosting abilities of FA with respect to: (a) the supersulfating state of the concrete and (b) the pozzolanic reactions in the concrete, are confirmed by (a) the detection of new A-   S ¯   -H phases and the reduction of Afm phases in FA-containing concrete cubes, and (b) the detection of new C-F-A-S-H phases, respectively.



	
Nonetheless, the trend of corrosion resistance increasing with increasing FA addition reverses at 25 wt.% FA. The reason is the formation of agglomerates at high FA contents with a low tendency for pozzolanic/cementitious reactions, that induce the generation of differential aeration cells on the steel below them (although of highly localized occurrence).
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Figure 1. The effect of fly ash content on the cyclic potentiodynamic polarization behavior of austenitic stainless steel rebars in an electrolyte of pH ≈ 8 (7.5–7.9) which contains Ca(OH)2 partially replaced by fly ash (0–25 wt.% FA) and an acid rain simulating solution. (a) 316L; (b) 304L. 
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Figure 2. The effect of fly ash content on the cyclic potentiodynamic polarization behavior of austenitic stainless steel rebars in an electrolyte of pH ≈ 12.5 (12.3–12.7) which contains Ca(OH)2 partially replaced by fly ash (0–25 wt.% FA) and an acid rain simulating solution. (a) 316L; (b) 304L. 
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Figure 3. The effect of pH on the potentiodynamic polarization behavior of austenitic stainless steel rebars in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (0–25 wt.% FA) and an acid rain simulating solution. (a) 316L; (b) 304L. 
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Figure 4. The effect of stainless steel type on the potentiodynamic polarization behavior of austenitic stainless steel rebars in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (0–25 wt.% FA) and an acid rain simulating solution. (a) pH ≈ 8 (7.5–7.9); (b) pH ≈ 12.5 (12.3–12.7). 
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Figure 5. SEM cross-sectional micrographs of 304L rebars after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash and an acid rain simulating solution. 
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Figure 6. SEM cross-sectional micrographs of 316L rebars after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash and an acid rain simulating solution. 






Figure 6. SEM cross-sectional micrographs of 316L rebars after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash and an acid rain simulating solution.



[image: Cmd 03 00005 g006]







[image: Cmd 03 00005 g007 550] 





Figure 7. SEM cross-sectional micrographs of 304L after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (20 wt.% FA) and an acid rain simulating solution. The micrographs are accompanied by point EDX spectra and EDX elemental maps showing the formation of a relatively compact film on the steel surface, via the interaction between steel, Ca(OH)2, fly ash, and acid rain. (a) pH ≈ 8 (7.5–7.9); (b) pH ≈ 12.5 (12.3–12.7). 
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Figure 8. SEM cross-sectional micrographs of 316L after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (20 wt.% FA) and an acid rain simulating solution, at pH ≈ 8. The micrograph is accompanied by point EDX spectra and EDX elemental maps showing the formation of a relatively compact film on the steel surface, via the interaction between steel, Ca(OH)2, fly ash, and acid rain. 
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Figure 9. SEM cross-sectional micrographs of 304L rebar after cyclic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (25 wt.% FA) and an acid rain simulating solution at pH ≈ 8, showing pits below the CaO-based surface film that are filled with FA agglomerates or compounds of FA–steel surface–AR interactions. The micrographs are accompanied by point EDX spectra and EDX elemental maps showing the interaction between FA–steel surface–AR. 
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Figure 10. SEM cross-sectional micrographs of 316L rebar after cyclic potentiodynamic polarization in an electrolyte that contains Ca(OH)2 partially replaced by fly ash (25 wt.% FA) and an acid rain simulating solution at pH ≈ 12.5, showing pits below FA coarse agglomerates. The micrographs are accompanied by point EDX spectra and EDX elemental maps showing the interaction between FA–steel surface–AR. 
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Figure 11. The XRD pattern of the lignite fly ash. 
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Figure 12. X-Ray diffraction patterns of 316L reinforced concrete cubes (0 and 25 wt.% FA in cement) hydrated at 28 days (samples close to the rebar). 
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Table 1. Electrochemical values for 316L and 304L rebars immersed in the mildly alkaline electrolyte (pH ≈ 8), containing Ca(OH)2, the AR simulating solution, and FA (0–25 wt.%). Ecorr: corrosion potential; Ecp: critical passivation potential; Eb2: breakdown potential; Ea/c tr: anodic-to-cathodic transition potential; icorr: corrosion current density; ip: current density in the middle of the passive stage.
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316L




	
FA (wt.%)

	
Ecorr

(mV vs. Ag/AgCl)

	
Ecp

(mV vs. Ag/AgCl)

	
Ecp − Ecorr (mV vs. Ag/AgCl)

	
Eb2

(mV vs. Ag/AgCl)

	
Eb2 − Ecp (mV vs. Ag/AgCl)

	
Ea/c tr

(mV vs. Ag/AgCl)

	
Ea/c tr − Ecorr (mV vs. Ag/AgCl)

	
icorr

(mA/cm2)

	
ip

(mA/cm2)




	
0

	
−267 ± 6

	
−106 ± 14

	
161

	
1040 ± 41

	
1146

	
−250 ± 27

	
17

	
0.0019 ± 0.0006

	
0.0033 ± 0.0010




	
10

	
−255 ± 28

	
−115 ± 33

	
140

	
1088 ± 41

	
1203

	
−232 ± 65

	
23

	
0.0013 ± 0.0003

	
0.0032 ± 0.0010




	
15

	
−233 ± 17

	
−101 ± 26

	
132

	
1099 ± 20

	
1200

	
−208 ± 26

	
25

	
0.0011 ± 0.0003

	
0.0025 ± 0.0010




	
20

	
−229 ± 12

	
−107 ± 29

	
122

	
1100 ± 16

	
1207

	
−158 ± 35

	
71

	
0.0007 ± 0.0002

	
0.0014 ± 0.0006




	
25

	
−245 ± 31

	
−113 ± 22

	
132

	
1050 ± 21

	
1163

	
−230 ± 65

	
15

	
0.0013 ± 0.0006

	
0.0044 ± 0.0010




	
304L




	
FA (wt.%)

	
Ecorr

(mV vs. Ag/AgCl)

	
Ecp

(mV vs. Ag/AgCl)

	
Ecp − Ecorr (mV vs. Ag/AgCl)

	
Eb

(mV vs. Ag/AgCl)

	
Eb − Ecp (mV vs. Ag/AgCl)

	
Ea/c tr

(mV vs. Ag/AgCl)

	
Ea/c tr − Ecorr (mV vs. Ag/AgCl)

	
icorr

(mA/cm2)

	
ip

(mA/cm2)




	
0

	
−275 ± 33

	
−125 ± 20

	
150

	
1025 ± 22

	
1150

	
−301 ± 47

	
−26

	
0.0024 ± 0.0001

	
0.0076 ± 0.0030




	
15

	
−258 ± 41

	
−98 ± 10

	
160

	
1057 ± 27

	
1155

	
−297 ± 35

	
−39

	
0.0023 ± 0.0003

	
0.0074 ± 0.0007




	
20

	
−251 ± 23

	
−120 ± 39

	
131

	
1081 ± 7

	
1201

	
−258 ± 33

	
−7

	
0.0016 ± 0.0002

	
0.0070 ± 0.0010




	
25

	
−262 ± 13

	
−88 ± 24

	
174

	
1070 ± 31

	
1158

	
−280 ± 57

	
−18

	
0.0027 ± 0.0008

	
0.0220 ± 0.0030
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Table 2. Electrochemical values for 316L and 304L rebars immersed in the strongly alkaline electrolyte (pH ≈ 12.5), containing Ca(OH)2, the AR simulating solution, and FA (0–25 wt.%). Ecorr: corrosion potential; Ecp: critical passivation potential; Eb1,2: breakdown potential; Ea/c tr: anodic-to-cathodic transition potential; icorr: corrosion current density; ip1,2: current densities in the middle of the current limiting stages preceding Eb1 and Eb2, respectively.
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316L




	
FA (wt.%)

	
Ecorr

(mV vs. Ag/AgCl)

	
Ecp

(mV vs. Ag/AgCl)

	
Ecp − Ecorr (mV vs. Ag/AgCl)

	
Eb1

(mV vs. Ag/AgCl)

	
Eb2

(mV vs. Ag/AgCl)

	
Eb2 − Ecp (mV vs. Ag/AgCl)

	
Ea/c tr

(mV vs. Ag/AgCl)

	
Ea/c tr − Ecorr (mV vs. Ag/AgCl)

	
icorr

(mA/cm2)

	
ip1

(mA/cm2)

	
ip2

(mA/cm2)




	
0

	
−391 ± 34

	
−248 ± 20

	
143

	
286 ± 30

	
607 ± 20

	
855

	
−328 ± 51

	
63

	
0.0009 ± 0.0001

	
0.0040 ± 0.0005

	
0.0130 ± 0.0003




	
10

	
−378 ± 60

	
−271 ± 85

	
107

	
262 ± 46

	
644 ± 14

	
915

	
−331 ± 53

	
47

	
0.0007 ± 0.0001

	
0.0030 ± 0.0010

	
0.0095 ± 0.0015




	
15

	
−372 ± 33

	
−255 ± 39

	
117

	
267 ± 49

	
653 ± 14

	
908

	
−302 ± 39

	
70

	
0.0006 ± 0.0002

	
0.0028 ± 0.0010

	
0.0100 ± 0.0020




	
20

	
−355 ± 26

	
−265 ± 12

	
90

	
248 ± 21

	
662 ± 20

	
927

	
−271 ± 48

	
84

	
0.0004 ± 0.0001

	
0.0022 ± 0.0008

	
0.0062 ± 0.0020




	
25

	
−368 ± 18

	
−217 ± 45

	
151

	
270 ± 23

	
634 ± 14

	
851

	
−318 ± 85

	
50

	
0.0010 ± 0.0004

	
0.0038 ± 0.0012

	
0.0127 ± 0.0040




	
304L




	
FA (wt.%)

	
Ecorr

(mV vs. Ag/AgCl)

	
Ecp

(mV vs. Ag/AgCl)

	
Ecp − Ecorr (mV vs. Ag/AgCl)

	
Eb1

(mV vs. Ag/AgCl)

	
Eb2

(mV vs. Ag/AgCl)

	
Eb2 − Ecp (mV vs. Ag/AgCl)

	
Ea/c tr

(mV vs. Ag/AgCl)

	
Ea/c tr − Ecorr (mV vs. Ag/AgCl)

	
icorr

(mA/cm2)

	
ip1

(mA/cm2)

	
ip2

(mA/cm2)




	
0

	
−435 ± 11

	
−324 ± 12

	
111

	
272 ± 47

	
654 ± 4

	
978

	
−374 ± 60

	
61

	
0.0004 ± 0.00008

	
0.0018 ± 0.0005

	
0.0040 ± 0.0010




	
10

	
−398 ± 34

	
−297 ± 32

	
101

	
264 ± 11

	
660 ± 9

	
957

	
−315 ± 64

	
83

	
0.0002 ± 0.00005

	
0.0014 ± 0.0004

	
0.0057 ± 0.0020




	
15

	
−366 ± 63

	
−236 ± 85

	
130

	
273 ± 28

	
667 ± 21

	
903

	
−346 ± 59

	
20

	
0.0001 ± 0.00004

	
0.0009 ± 0.0002

	
0.0036 ± 0.0006




	
20

	
−334 ± 36

	
−268 ± 61

	
66

	
260 ± 31

	
679 ± 11

	
947

	
−238 ± 47

	
96

	
0.0001 ± 0.00003

	
0.0003 ± 0.0001

	
0.0033 ± 0.0008




	
25

	
−401 ± 13

	
−225 ± 54

	
176

	
271 ± 12

	
654 ± 15

	
879

	
−400 ± 101

	
1

	
0.0003 ± 0.00007

	
0.0013 ± 0.0004

	
0.0046 ± 0.0010
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