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Alkali Activated Slag Mortars Provide High Resistance to Chloride-Induced Corrosion of Steel
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The pore solutions of alkali-activated slag cements and Portland-based cements are very different in terms of their chemical and redox characteristics, particularly due to the high alkalinity and high sulfide content of alkali-activated slag cement. Therefore, differences in corrosion mechanisms of steel elements embedded in these cements could be expected, with important implications for the durability of reinforced concrete elements. This study assesses the corrosion behavior of steel embedded in alkali-activated blast furnace slag (BFS) mortars exposed to alkaline solution, alkaline chloride-rich solution, water, and standard laboratory conditions, using electrochemical techniques. White Portland cement (WPC) mortars and blended cement mortars (WPC and BFS) were also tested for comparative purposes. The steel elements embedded in immersed alkali-activated slag mortars presented very negative redox potentials and high apparent corrosion current values; the presence of sulfide reduced the redox potential, and the oxidation of the reduced sulfur-containing species within the cement itself gave an electrochemical signal that classical electrochemical tests for reinforced concrete durability would interpret as being due to steel corrosion processes. However, the actual observed resistance to chloride-induced corrosion was very high, as measured by extraction and characterization of the steel at the end of a 9-month exposure period, whereas the steel embedded in WPC mortars was significantly damaged under the same conditions.
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INTRODUCTION

Steel reinforcing elements (rebars) embedded in Portland cement (PC)-based concretes are protected from corrosion by a thin oxide film that is formed and maintained on rebar surfaces due to the high pH of the surrounding concrete (Böhni, 2005). However, it is now becoming evident that the nature and stability of this oxide film change when the surrounding concrete is produced with non-Portland cements such as alkali-activated materials (AAMs) (Mundra et al., 2017a,d; Criado et al., 2018), and this is expected to be important when considering such materials for use in infrastructure applications involving chloride exposure. During the hydration of PC, portlandite [Ca(OH)2] forms as an important hydration product, and plays important role in delaying the onset of the corrosion of embedded steel, as it can maintain the high pH of the cement pore solution through a buffering mechanism (Bertolini et al., 2013). However, in AAMs portlandite is not typically identified as a reaction product (Lloyd et al., 2010), and therefore, the availability (or conversely, leaching) of OH− ions from the pore solution at the steel-concrete interface will have a greater influence in ensuring the stability of this protective layer in AAMs (Mundra et al., 2017d).

Various studies have demonstrated that a mixture of blast furnace slag (BFS) (even up to 70%) blended with Portland cement affected the corrosion process of steel rebar; the presence of BFS improved the corrosion resistance by slowing down chloride ingress, and decreased the corrosion rate and delayed the time at which corrosion occurs (Huang et al., 1996; Gu et al., 2000; Cheng et al., 2005; Yeau and Kim, 2005; Song and Saraswathy, 2006; Topçu and Boga, 2010; Garcia et al., 2014). This advantageous formation of a dense, impermeable microstructure through generation of additional calcium silicate hydrate (C-S-H)-type reaction products is particularly evident at higher BFS content and after a longer period of curing (Yeau and Kim, 2005; Topçu and Boga, 2010). Slag-blended Portland cements, and alkali-activated slag cements, also generate hydrotalcite-group phases as a hydration product, and this provides chemical binding effects (Ke et al., 2017a,b) that can further restrict the ingress of chloride.

However, fewer studies have been published regarding the actual corrosion process of steel embedded in alkali activated slag mortars in the presence of chloride (Holloway and Sykes, 2005; Torres Gomez et al., 2010; Park et al., 2015; Ma et al., 2016). AAS mortars activated with Ca(OH)2 presented a higher corrosion resistance than AAS mortars activated with KOH and NaOH activators, which was attributed to the formation of Ca(OCl)2 to remove free chloride from the pore solution, and thus to mitigate the corrosion risk (Park et al., 2015). Ma et al. (2016) found that an increased alkali concentration in the activator, and the use of a sodium silicate activator with a modulus (molar ratio SiO2/Na2O) of 1.5, gave a desirable microstructure which improved the resistance to chloride transport and corrosion. Moreover, the corrosion rate of the steel bars was significantly influenced by the free sulfide concentration in these alkaline concretes, consistent with a recent classification proposed by Mundra et al. (2017b).

The presence of sulfide in the pore solution of concrete can significantly reduce its redox potential, which in classical concrete electrochemistry is considered to indicate steel depassivation. However, chemical reactions at the steel-concrete interface which involve sulfide have recently been observed to protect the embedded steel from corrosion to a certain extent (Criado et al., 2018). Moreover, the onset of chloride-induced pitting on the steel surface in simulated alkali-activated slag pore solution depends on both the concentration of sulfide and the time of exposure, due to the alteration of passive film chemistry in the presence of a strong reductant, which is beneficial in restricting corrosion if the sulfide concentration is sufficiently high (Mundra et al., 2017b). Conversely, Tromans (1980) observed that sulfide could be incorporated into magnetite, reducing the potential domain where the passive film is stable, and in that study an increase in current density took place, which was interpreted as indicating that the protective properties of the passive layer were decreased. Therefore, the presence of sulfide in BFS-containing cements means that the redox potential of their pore solutions will be much lower than that measured in PC, and consequently the corrosion behavior of the steel in AAS will be different from that which is observed in PC. However, much remains unknown about the details and mechanisms of this process.

The core aim of this study is to evaluate the corrosion behavior of steel embedded in sodium silicate-activated BFS mortars exposed to four different environments: an alkaline solution representing pore solution chemistry to prevent leaching (as a reference case), an alkaline chloride-rich solution to induce chloride transport without alkali leaching, plain water, and standard laboratory conditions (open to atmosphere). The corrosion behavior is assessed using electrochemical techniques, as well as by extraction and analysis of the steel rebars after a 9-month exposure period. White Portland cement (WPC) mortars and blended cement mortars (50 wt% WPC and 50 wt% BFS) are also tested for comparative purposes.

EXPERIMENTAL METHODOLOGY

Materials and Environments

Corrugated mild steel rebars (ϕ = 12 mm) conforming to BS 4449:2005 + A3:2016 (British Standards Institute, 2016) were obtained from a local supplier in Sheffield, UK. Their chemical composition (mass %) is 0.21 C, 0.23 Si, 0.76 Mn, 0.04 P, 0.03 S, 0.13 Cr, 0.20 Ni, 0.47 Cu, 0.02 Mo, and balance Fe. Rebars were cut using an abrasive disc to produce both 100 mm-long test specimens. Prior to electrochemical testing, the reinforcement bars with an intact as-received rust layer were embedded in mortars, with ends masked with an epoxy resin (Sikagard-62) coating to leave an exposed surface area of 10 cm2.

To produce the mortar blocks in which the rebars were embedded, a ground granulated BFS supplied by Ecocem, and a WPC (Lafarge Blue Circle Snowcrete, classified as CEM I 52.5R under BS EN 197-1; European Committee for Standardization, 2011) were used. Their oxide compositions, determined by X-ray fluorescence (XRF), are shown in Table 1.


Table 1. Chemical composition of the raw materials used, obtained by XRF.
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The activator used in alkali-activated slag mortars was prepared by fully dissolving anhydrous sodium metasilicate powder (Sigma-Aldrich, Na2SiO3) into distilled water, and allowing the solution to cool to room temperature. BFS was then activated by mixing this powder with a solution containing 7 g sodium metasilicate per 100 g BFS, at a water to total solids (slag + Na2SiO3) mass ratio of 0.40. The WPC and the blended cement (50:50 BFS:WPC, denoted WPS) were hydrated at a water to binder mass ratio of 0.45, as the water/cement ratio needed to be increased to give sufficient flow to allow casting of specimens.

Prismatic mortar specimens were prepared with dimensions of 80 × 50 × 50 mm, each containing two mild steel bars with a diameter of 12 mm and length of 100 mm, Figure 1A (Criado et al., 2018). The rebars were positioned with a low cover depth, 4.5 mm, to minimize the effect of the time taken for chloride to diffuse to the steel surface, as the focus of this study is the corrosion process rather than chloride transport. A CEN standard sand (European Committee for Standardization, 2005) was used to prepare mortars, at a sand/binder mass ratio of 3.0. Mortars were mechanically mixed using a Hobart mixer, cast into steel molds with clamps to correctly position the rebars, and sealed to enable the mortars to harden at room temperature without drying. After 24 h the specimens were demolded, wrapped with cling film, and cured at 20 ± 2°C for 7 days, and then fully immersed in the selected environments to initiate the exposure period. BFS mortars were immersed in either 1 M NaOH (Sigma Aldrich) solution with and without the addition of 3.5% NaCl (EMD Chemicals), or in water. WPS and WPC mortars were immersed in 0.027 M Ca(OH)2 (Alfa Aesar) solution with and without 3.5% NaCl, or in water. The different NaOH or Ca(OH)2 solutions were designed to prevent leaching of sodium from the BFS samples and calcium from the WPS and WPC samples (in contrast to the water immersion), and were not replaced during the test period. The pH of each immersion solution was measured regularly using an Oakton Acorn series pH meter. Duplicate mortar specimens were made for each mortar/steel system, giving four test bars for each condition. Two additional specimens of each type of mortar were exposed to standard laboratory conditions (open storage at ambient temperature of 21 ± 5°C and 50 ± 20% relative humidity).
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FIGURE 1. (A) Reinforced prismatic sample geometry, and (B) electrochemical testing setup (Criado et al., 2018).



Methods

Electrochemical Testing

Corrosion potential (Ecorr), linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) measurements were recorded periodically up to 180 days of immersion in the different environments. A conventional three-electrode cell was used for electrochemical measurements, Figure 1B. The steel bars embedded in the prismatic mortar specimens acted as working electrode and a stainless steel cylinder (acting as counter electrode) was placed above the mortar. The counter electrode had the same size as the mortars, achieving a uniform distribution of current lines, and a centrally drilled hole where an Ag/AgCl (filled with 3 M KCl) electrode was positioned to act as the reference electrode. A pad soaked in tap water was used to facilitate the electrical measurements.

A Princeton Applied Research VersaSTAT 3F was utilized for the electrochemical measurements. LPR was determined by applying ΔE of ±10 mV vs. Ecorr, at a scan rate of 0.1667 mV s−1. EIS measurements were recorded at Ecorr with a 10 mV root mean square (rms) amplitude excitation voltage, in a frequency range from 1 MHz to 1.58 mHz, with a logarithmic sweeping frequency of 5 points per decade. LPR and EIS measurements were performed after the Ecorr was stabilized for at least 30 min. The corrosion current density (icorr) was calculated using the Stern-Geary equation (Stern and Geary, 1957): icorr = B/Rp, adopting B-values of 52 or 26 mV for carbon steel in the passive or active (corroding) state, respectively (Andrade et al., 1986). These values of B could show some divergences when steel is embedded in AAMs; for example, Babaee and Castel (2016) observed that the B-values obtained from polarization curves in alkali-activated blended (fly ash and BFS) concretes were 13 < B < 20 for passive samples and 45 < B < 58 for active samples. Therefore, the utilization of conventional B-values determined in Portland cement-based materials could lead to uncertainty in determination of the icorr of alkali-activated corroding systems. However, more experimental results are necessary to confirm this, particularly considering the complexity of the redox chemistry of sulfur supplied by BFS.

Corrosion Product Analysis

The nature of the corrosion products formed on the steel surface was evaluated through Raman spectroscopy, using a Renishaw InVia Raman Microscope equipped with a 514.5 nm laser and a Leica microscope. The spectra were obtained with 50 × magnification objective lenses. The laser power was 1 mW, the integration time was 15 s, and 3 accumulations were collected. The Raman shift was calibrated before measurements according to the silicon peak at 520 cm−1. The software employed for data acquisition and analysis was WIRE 3.4.

RESULTS AND DISCUSSION

Figure 2 shows the Ecorr values of steel rebars embedded in the three mortars: BFS, slag, and WPC mixture (WPS) and white cement Portland (WPC), under the different exposure environments as a function of time. According to ASTM C876-15 (ASTM International, 2015), for an Ag/AgCl (filled with 3 M KCl) reference electrode, the corrosion state of rebar can be assessed as follows: Ecorr > −310 mV indicates a 90% chance of having no corrosion, while Ecorr < −460 mV indicates a 90% probability of having corrosion. However, the presence of sulfide anions supplied by the BFS can significantly reduce the redox potential of the pore solution around the rebar, meaning that the cathode is not able to generate a current that overcomes the HS− oxidation peak. Thus, it is possible that these established criteria used for Portland cement may not be valid for cements that are very rich in slag; this possibility will be examined in detail throughout this paper.
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FIGURE 2. Evolution of the potential values as a function of time, for steel embedded in BFS, WPS, and WPC mortars immersed in (A) alkaline solution, (B) alkaline chloride-rich solution, (C) water, and exposed to (D) standard laboratory conditions, with 7 days of curing prior to immersion or exposure.



In the alkaline solution, Figure 2A, the BFS specimens only showed Ecorr values less negative than −310 mV during the first 2 days of immersion. After that time, Ecorr shifted rapidly to more negative values (< −460 mV), which would usually be taken to indicate a high risk of corrosion (ASTM International, 2015). However, this is clearly not an indication of chloride-induced corrosion, which could not occur since the immersion solution did not contain any chloride. Glasser has previously observed that in blended slag-rich mortars, slag dissolution releases sulfide ions into the pore solution, leading to a significant reduction in redox potential (Glasser, 1991, 2001). The specimens were totally immersed in the alkaline medium, and no oxygen entered into the specimen, and this led to strongly reducing conditions where sulfide was the dominant redox-active species. Moreover, any available oxygen can be consumed locally by the sulfide species becoming oxidized, either in part or in full (Holloway and Sykes, 2005; Ma et al., 2016). In those aqueous systems, where aqueous sulfide is in excess over Fe3+, iron is partially reduced and the Fe2+ generated can react with S2− to precipitate as FeS (Wan et al., 2017). In this system, considering the pre-oxidized nature of the rebar surface embedded into the mortar specimens, it is highly likely that a complex iron sulfide layer is formed on the steel surface at such negative potentials (Criado et al., 2018). The absence of oxygen at the surface of the rebar inhibits the cathodic reaction, and so corrosion is controlled.

For WPS specimens in Ca(OH)2 solution, the Ecorr values were generally about −0.200 V vs. Ag/AgCl or more noble, although a brief dip below this was observed in the first days of immersion. These values of potential were close to those obtained for steel rebars embedded in WPC mortars, which remained fairly constant or attained nobler values throughout the entire duration of exposure. Both WPS and WPC immersed in Ca(OH)2 solutions retained Ecorr values more positive than −310 mV, showing that the steel was in a passive state, as would be expected for these cements in a chloride-free environment. After 120 days of immersion, the Ecorr values of WPS mortars do show some reduction, which could be because the reaction of BFS is the main ongoing hydration process at this time, releasing sulfide ions.

In the alkaline chloride-rich solution, Figure 2B, the Ecorr values of the BFS specimens decreased to a very similar level to the alkaline chloride-free exposure environment, reaching values of −0.450 V vs. Ag/AgCl or more active after 4 days. Similar levels were also reached after 9 days for WPS mortars and after 15 days for WPC mortars. According to ASTM C876-15 (ASTM International, 2015), these values of potential indicate a high probability of corrosion. The initiation of corrosion of the steel rebar embedded in WPC mortar is identified to be a consequence of the breakdown of the passive film induced by the chloride ions. In BFS mortars, a decrease in steel potential could also correspond to the presence of sulfide in the pore solution as described above and previously (Criado et al., 2018); the situation for the WPS mortars requires further analysis as this blended system could potentially be following one or the other of these extreme cases, but the fact that immersion in a chloride-free Ca(OH)2 solution did not lead to a lasting drop in potential, unlike the chloride-rich case, indicates that some corrosion is in fact likely to be taking place. It is notable that the Ecorr values determined here for BFS samples are ~100 mV more negative than those which were presented previously (Criado et al., 2018) for samples of longer curing duration (28 days, cf. 7 days here), indicating that the ongoing reaction of slag grains during curing is also important in defining the redox environment inside the cements.

For samples immersed in water, Figure 2C, the steel embedded in BFS and WPC specimens exhibited the same behavior as in the alkaline chloride-free solutions. For WPS specimens, a potential drop occurred after 28 days of immersion in water and Ecorr stabilized between −0.450 and −0.380 V vs. Ag/AgCl. It appears that there is some interaction between the leaching of dissolved species (potentially calcium) from the pore solution and the changes in potential due to the release of sulfide from the slag, but there is not an immediately evident explanation for the observed behavior. In standard laboratory conditions, Figure 2D, all specimens showed Ecorr values more positive than −0.152 V vs. Ag/AgCl, where the steel is not considered to be at risk of corrosion.

Figure 3 shows a photograph of the surface of the original steel, which had some regions of reddish stains distributed randomly, indicating the presence of a rust layer. Raman spectra of these stains showed peaks attributed to lepidocrocite (γ-FeOOH): well-defined peaks at 250 (the most intense), 305, 378, 528, 653, 1,080, and 1,300 cm−1 (Larroumet et al., 2007; L'Hostis et al., 2013). The presence of lepidocrocite as the main constituent of the rust layer formed on steel exposed to the atmosphere is common; several authors have observed that crystalline lepidocrocite is the first phase to form on the steel surface (Misawa et al., 1974; de la Fuente et al., 2016).
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FIGURE 3. Photograph of the surface of the original steel, and Raman spectrum of the rust layer detected on its surface.



Figure 4 shows the surface aspects and Raman spectra of the rebars extracted from the three types of mortar after immersion in the alkaline chloride-rich solutions. Raman spectra of iron compounds formed on the rebars in all mortars exposed to the alkaline solution, water and standard laboratory conditions after 270 days were similar and the compound identified on the surface of all rebars was lepidocrocite, corresponding to the mineralogy of the initial rust layer, but also potentially newly formed in contact with the cements.


[image: image]

FIGURE 4. Photographs and in situ Raman spectra of the steel rebars extracted from BFS, WPS, and WPC mortars that had been immersed in the alkaline chloride-rich solutions for 270 days.



In the alkalinechloride-rich solution, new corrosion products were found on the steel embedded in WPC mortars, specifically a hydrated iron (III) oxy-hydroxide, most likely ferrihydrite, although the assignment to a particular phase is very difficult due to the low crystallinity and/or nanometric size of these compounds. The Raman spectra of ferrihydrite and other hydrated iron (III) oxy-hydroxide show a strong band around 710 cm−1 and weaker bands around 370, 510, and 1,320 cm−1 (Neff et al., 2006; Ghantous et al., 2017). The presence of four broad peaks in the Raman spectrum for the steel extracted from WPC mortar in Figure 4 confirms their formation in this case. However, in the spectra of the steel bars extracted from BFS and WPS mortars, the only ordered compound detected was lepidocrocite.

Taking in account the fact that sulfide oxidation rates have been observed to be relatively high in the presence of lepidocrocite (the compound detected in the original rust layer) compared to other iron oxides (Wan et al., 2017), the formation of complex iron sulfide compounds on the steel surface was expected. However, the presence of these compounds was difficult to confirm by Raman spectroscopy, since either the main Raman peak overlaps with the peaks of lepidocrocite in the case of Fe7S8 or pyrrhotite (R060440 RRuff ID), or the structure of the phase is disordered, hindering its identification through Raman spectroscopy in the case of Fe1+xS (x = 0–0.07) or mackinawite (R060388 RRuff ID). The formation of iron sulfide compounds was observed through X-ray photoelectron spectroscopy when specimens of this same steel were immersed in simulated pore solution of alkali-activated slag cements (Mundra et al., 2017c), supporting the evidence presented here from real mortars.

Figure 5 shows the evolution of pH values of the different environments in which the BFS, WPS, and WPC mortars were immersed. Measured pH values of about 13.5–14 were obtained for the 1 M NaOH and 1 M NaOH + 3.5% NaCl solutions, used for BFS mortars. The pH values measured when WPS and WPC mortars were immersed in the alkaline solution [0.027 M Ca(OH)2] were identical, as were the pH values obtained when both mortars were immersed in the alkaline chloride-rich solution (0.027 M Ca(OH)2 + 3.5% NaCl); these were between 12.1 and 12.8 for the first 60 days. With time, these values decreased, reaching values of ~8.4 in the Ca(OH)2 solution and ~9.1 in the Ca(OH)2-NaCl solution after 270 days of immersion of the samples, attributed to atmospheric carbonation of the solution. For immersion in water, the pH value initially jumped due to the leaching of alkaline components from the cements, but there was then a drop of about 2 units after 15 days for WPS mortars and after 28 days for WPC mortars, with the final pH stabilizing around 8.4 in both cases. When BFS mortars were immersed in water, the pH values were lower than those obtained for the other two mortars at early age. However, this changed less over time, remaining at 9.1 at 270 days. These results do not show an obvious connection to the trends in open circuit potential as shown in Figure 2; it is therefore very unlikely that pH effects are controlling the electrochemistry of these specimens during testing.
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FIGURE 5. Measured pH values of the three environments: alkaline and alkaline chloride-rich solutions, and water, in which BFS, WPS, and WPC mortars were immersed.



Figure 6 shows corrosion current density (icorr) values determined for steel rebars embedded in BFS, WPS, and WPC mortars under the different environments as a function of exposure time. For binders based on Portland cement, it has been proposed that a corrosion current higher than 1 μA/cm2 indicates a high risk of corrosion, whereas a corrosion current between 0.1 and 0.5 μA/cm2 is a sign of low to moderate corrosion activity (Andrade and Alonso, 1996). In the mortars immersed in alkaline solution, Figure 6A, the icorr values for BFS mortars were higher than 1 μA cm−2 after 3 days of immersion, while the WPS mortars also presented icorr values between 0.5 and 1 μA cm−2 after 30 days of immersion. However, it is not possible that the rebar in these samples was already exhibiting a very high corrosion rate, as no aggressive species were introduced. Also, the icorr values of the rebar embedded in WPC mortars were as expected (icorr < 0.1 μA cm−2), indicating the steel maintained its passivity. Corresponding trends are observed in Figure 6C for the samples immersed in water, while in the standard laboratory conditions, Figure 6D, the three types of specimen presented passivity with icorr values ranging between 0.05 and 0.30 μA cm−2.
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FIGURE 6. Evolution of the corrosion current density values as a function of time, for steel embedded in BFS, WPS and WPC mortars immersed in (A) alkaline solution, (B) alkaline chloride-rich solution, (C) water, and (D) exposed to standard laboratory conditions, after 7 days of curing under sealed conditions.



In Figure 6B, the electrochemical results for the slag-containing samples immersed in alkaline chloride-rich environments also appear to show corrosion, and this may superficially be attributed to the chloride present; however, Figure 4 shows that no corrosion took place in the actual steel surfaces in either BFS or WPS, and so these measurements must also be considered to support the contention that icorr calculated in the conventional way is an ineffective measure of corrosion activity in slag-containing samples.

The presence of sulfide in slag-containing matrices is clearly affecting the results obtained through electrochemical measurements, as the oxidation of reduced sulfur species at the steel-mortar interface is not distinguishable in this simple electrochemical measurement from the actual corrosion of embedded steel. Therefore, the use of simple electrochemical criteria developed for plain Portland cement can generate misleading assumptions about the corrosion of embedded rebar in slag-containing mortars.

To provide further insight into the electrochemical behavior at the steel-mortar interface, electrical impedance spectroscopy was conducted. Figure 7 shows Nyquist plots recorded for the BFS, WPS, and WPC mortars after 180 days of exposure to each set of conditions. Some of the samples showed behavior that could be characterized by two distinct time constants: WPC mortars immersed in the alkaline chloride-rich solution, and BFS and WPS mortars in all immersion environments except for WPS in alkaline solution at early ages. The spectra obtained for all other specimens could only be appropriately described using three distinct time constants.
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FIGURE 7. Nyquist plots for BFS, WPS, and WPC mortars immersed in (A) alkaline solution, (B) alkaline chloride-rich solution, (C) water, and (D) exposed to standard laboratory conditions. In each part of the graphic, all data are shown overlaid for comparison in the left panel, and the smaller plots to the right show individually the time-dependence of the data obtained for each mortar type.



In the specimens which could be characterized by two time constants, the behavior in the high frequency range was related to the mortar cover properties (Castela et al., 2014), while the lower frequency range was associated with the steel/electrolyte interface (Tang et al., 2016). The impedance spectra of these specimens was fitted using the electrical equivalent circuit (EEC) shown in Figure 8A. The EEC is comprised of two parallel resistance (R) and constant phase element (CPE) combinations in series with each other. The first combination is constituted of R and CPEm, where the elements represent the electrolyte and bulk matrix resistances and the mortar cover capacitance, respectively. R indicates the ability of the mortar to hinder the penetration of electrolytes with aggressive ions, and CPEm corresponds to the dielectric properties of the mortar. The second combination is constituted of Rct and CPEdl, representing, respectively, the charge transfer resistance and the double layer capacitance at the electrolyte/steel interface.
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FIGURE 8. Equivalent electrical circuits (EEC) used in fitting impedance spectra for BFS, WPS, and WPC mortars exposed to the four environments. (A) Samples with two time constants; (B) samples with three time constants.



A constant phase element (CPE) was used instead of a pure capacitator to describe the dielectric properties of material layers due to the inhomogeneities and discontinuities present (Bastidas, 2007). The impedance of a general CPE with two parameters Y and α can be expressed as: [image: image], where Y is the CPE constant with units of Ω−1 cm−2 s−(1−α), α is the CPE exponent (−1 < α < 1), j is the imaginary unit (j2 = −1), and ω is the angular frequency (2πf, where f is the frequency).

Diffusional behavior was observed in these specimens, which may be attributed either to oxygen diffusion control due to the formation of the corrosion products (Tang et al., 2016), or to the diffusion of sulfide provided by the slag (Criado et al., 2018). Therefore, a diffusion Warburg (W1) element was used to fit the impedance spectrum. The relationship between the Y parameter and the Warburg coefficient (σW), is given by: [image: image].

In the specimens with a third identifiable time constant, at high frequencies the Nyquist diagram showed a capacitive arc associated with the mortar cover properties, and the second time constant in the intermediate frequency regime was attributed to the passive film layer between the mortar cover and the steel (Sagoe-Crentsil et al., 1992; Ford et al., 1998). At low frequencies, the impedance response was again associated with the steel/electrolyte interface. For these specimens, the EEC shown in Figure 8B was employed, in which R and CPEm represent the electrolyte and bulk matrix resistances and the mortar cover capacitance, respectively; Rf and CPEf represent the dielectric properties of the passive film layer; and Rct and CPEdl represent the charge transfer resistance and double layer capacitance at the electrolyte/steel interface.

Figure 9 displays the evolution of electrolyte and bulk matrix resistances (R) and the mortar cover capacitance [CPEm (Ym)] as a function of time, for the three types of mortar under different environments. The electrolyte and bulk matrix resistances and the mortar cover capacitance reflect the ability of mortar to resist the penetration of electrolytes, and the dielectric properties of the mortar, respectively. Both parameters are directly related to the composition and pH of the pore solution, as well as the pore distribution and connectivity, which influence the measured conductivity and control the matrix permeability (Sagoe-Crentsil et al., 1992).
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FIGURE 9. Comparison of electrolyte and bulk matrix resistances R, and the mortar cover capacitance Ym, for the three types of mortar exposed to: (A) alkaline solution, (B) alkaline chloride-rich solution, (C) water, and (D) standard laboratory conditions.



According to the data presented in Figure 9, BFS mortars presented the highest R-values and the lowest Ym values in all environments studied, except when the mortars were exposed to standard laboratory conditions. The microstructure of BFS is dominated by the relatively fast formation of calcium aluminosilicate hydrate (C-A-S-H) gel in the pore spaces at early age, while in Portland cement-containing binders a hydration layer has formed around the clinker grains, and the interstitial space fills only slowly (Gruskovnjak et al., 2006; Hubler et al., 2011). Therefore, BFS mortar had less capillary pore volume than WPC mortar, leading to a lower permeability, particularly at early age (7 days) and an increase of resistance took place. In slag blended cements, Ogirigbo et al. (Ogirigbo and Black, 2016) have reported that the replacement of clinker by slag resulted in a slight acceleration of the alite hydration. This can be attributed to the filler effect, where during the early stages of reaction, the limited reaction of slag grains allows more space for the formation of hydrates from the clinker hydration (Lothenbach et al., 2011; Berodier and Scrivener, 2014), leading to densification of the pore structure and a less electrically conductive microstructure in WPS mortars. Therefore, these had a higher resistivity than WPC mortars.

In general, R or Rm (bulk matrix resistance) tended to increase with time for the three types of mortar, likely due to the pore refinement by the mortar curing process. In addition, the resistance to chloride ingress increases over time, because the pores are blocked or reduced in width due to a gradually increasing degree of hydration, in particular due to hydration of slag in blended cements (Gaal et al., 2006), and correspondingly, the WPS mortars presented higher R values than WPC mortars after 180 days of immersion in alkaline chloride-rich solution. The capacitance Ym of the mortar cover was constant or decreased slightly during the time of immersion, and these values were in the range of 1–50 nF cm−2 [image: image]. This range was in reasonable agreement with other studies in the literature (Aperador et al., 2009; Sobhani and Najimi, 2013), although the numerical values cannot be directly compared due to differences in dimensionality as αm varies.

The electrolyte and bulk matrix resistance values of BFS, WPS, and WPC mortars were quite similar when the specimens were immersed in the alkaline or alkaline chloride-rich solutions. However, these values increased when the specimens were immersed in water or exposed to standard laboratory conditions, particularly for BFS and WPS mortars. The water and the laboratory conditions were environments that presented fewer or no conductive species, respectively, leading to a higher resistivity of the mortars. The Ym values obtained when the three types of mortars were exposed to standard laboratory conditions were the smallest, indicating restriction of the movement of electrolytes through the mortar in the dry conditions as the pore fluid depercolated. In this latter environment, WPS mortars presented higher Rm values than the other mortars.

Figure 10 displays the evolution of resistance (Rf) and capacitance [CPEf(Yf)] of dielectric properties of passive film layer over time for three types of specimens immersed in the alkaline solution and the water, and exposed to standard laboratory conditions. The passive film layer resistance and capacitance measure the barrier performance of the passive film against the penetration of water and ions.
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FIGURE 10. Comparison of dielectric properties of rust layer/passive film layer resistance Rf, and capacitance Yf, for the three types of specimens under different environments: (A) alkaline solution, (B) water, and (C) standard laboratory conditions.



WPC seemed to be the matrix which favored the formation of a classical oxide passive layer in all environments studied, except in the alkaline chloride-rich solution, in which the passive layer was destabilized (as seen in Figure 4). For BFS and WPS mortars, the sulfide supplied by the slag was released and altered the passive film into a sulfidic layer that has a different electrochemical response (Mundra et al., 2017a). Therefore, the combination (Rf-CPEf) was not observed, except when they were exposed to standard laboratory conditions or when WPS mortar was immersed in the alkaline solution at early ages. In the case of BFS specimens exposed to air, the oxygen penetrated into the mortar and oxidized the sulfur species, while in the case of WPS, the reaction of slag was not the main initial hydration process and the release of sulfur ions did not take place at early age, as was observed through the open circuit potential. For standard laboratory conditions, BFS mortars presented the highest Rf values and the lowest Yf values, indicating the passive layer had a high thickness and less porosity, and thus more resistance against the penetration of water and ions. This was consistent with the open circuit potential results where Ecorr values were always more positive than −0.152 V vs. Ag/AgCl, indicating that the steel was in a passive state. In general, the thickness and compactness of passive film layer increased with the time and an increase of Rf and a decrease of Yf were observed, improving the protective properties of the layer.

The type of environment used to study of corrosion of the steel embedded in WPC mortars did not have a great influence in Rf parameter. However, Yf values were clearly smaller when the mortars were immersed in the water. The passive film formed in these mortars presented high thickness and the steel remained in a passive state, as indicated by the corrosion potential and current density values presented above.

Figure 11 shows the evolution of diffusion coefficient (σw) over time for the three types of specimens, under exposure to the alkaline and the alkaline chloride-rich solutions, and in water. The Warburg diffusion coefficient (σw) represents mass transport of species through the passive layer.
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FIGURE 11. Comparison of Warburg coefficient σw, for the three types of specimen under different environments: (A) alkaline solution, (B) alkaline chloride-rich solution, and (C) water.



The σw values are between 0.5 and 2.5 Ω cm2 s−1/2, independent of the nature of the mortar and the immersion time, and no clear trends were observed.

Figure 12 displays the evolution of charge transfer resistance (Rct) and double layer capacitance [CPEdl(Ydl)] as a function of time for BFS, WPS and WPC mortars under the four exposure environments. Both parameters are related to the charge transfer and double layer characteristics at the interface between the steel and the electrolyte.
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FIGURE 12. Comparison of charge transfer resistance Rct, and double layer capacitance Ydl, for three types of specimens under different environments: (A) alkaline solution, (B) alkaline chloride-rich solution, (C) water, and (D) standard laboratory conditions.



WPC mortars presented the highest charge transfer resistance values, more than 105 Ω cm2. These Rct values indicated the steel is a passive state (Andrade and Alonso, 1996) and the charge transfer controls the corrosion rate. BFS and WPS mortars usually presented very low Rct values, < 1,500 Ω cm2, except when WPS mortars were immersed in the alkaline solution at early ages and both mortars exposed to standard laboratory conditions. At early age, the sulfide has not yet been released to the pore solution, and when exposed in air, the sulfide ions have oxidized. These mortars with Rct < 1,500 Ω cm2 also presented Warburg parameter Rw (resistance to diffusion processes) values similar to the Rct values, suggesting a mixed charge transfer/diffusion control of the corrosion rate (Monticelli et al., 2016).

At 180 days, the charge transfer resistance values of WPC mortars immersed in the alkaline solution and in water, and of the three mortars exposed to standard laboratory conditions, were similar or larger than those at 30 days, indicating that the steel remained in a passive state over the entire duration of testing. In the alkaline solution and the water, the steel was in a passive state, but depending on the type of mortar, Rct values were in the range 105−6 × 105 Ω cm2 for WPC mortar, and 130–1,500 Ω cm2 for WPS and BFS mortars. This difference in Rct values was due to the presence of sulfide which diffused through the pore solution to the surface of the steel, favoring the diffusion processes over those of charge transfer at the steel/electrolyte interface. In the alkaline chloride-rich solution, the Rct values vary between 100 and 515 Ω cm2 for the three types of mortar. These small values were due to the breakdown of the passive film in the presence of chloride ions in the case of WPC mortars. In the other two mortars, transport of ions took place due to the presence of sulfide in the pore solution, which implied a reduction of Rct values. In standard laboratory conditions, Rct values are in the range 6 × 105−2 × 106 Ω cm2, confirming the passivation of steel (Andrade and Alonso, 1996).

The double layer capacitance for all samples was in the range 3.6 × 10−3−1.4 × 10−4 F cm−2 [image: image]; this parameter was not evidently influenced by the chemical composition of the mortars, the immersion time and the exposure environments, showing no clear trends. However, this range is in reasonable agreement with other studies of AAMs (Aperador et al., 2009; Criado et al., 2012; Monticelli et al., 2016).

CONCLUSIONS

In this study, mortars with slag contents ranging from 100 to 0% were immersed in different environments, and the evolution of electrochemical parameters as a function of time was determined. The current density values measured for the alkali-activated slag mortars and the blended WPC-slag mortars immersed in alkaline solution and in water were high, which would usually be taken to indicate high or very high risk of corrosion, but extracted rebars did not show evident pits or corrosion product layers. Therefore, these high current densities indicate that the current is flowing due to the oxidation of the sulfide supplied by the slag, and are not necessarily an indication of a corrosion process. In the presence of high concentrations of sufide around the steel surface, the development of a hydrated iron oxide passivating film is hindered and a steel surface rich in various Fe-S species is favored. It is also clear that there is a need to further examine the Tafel constants conventionally used for Portland cement-based binders, to determine whether they are valid for slag-rich and/or alkali-activated cements.

When mortars were immersed in an alkaline chloride-rich solution, very negative corrosion potentials and high current density values were obtained for both BFS and WPC mortars, indicating a lower resistance to chloride-induced corrosion of steel, but the observation of extracted rebars showed that the steel embedded in BFS mortars did not show any evidence of corrosion. The presence of sulfide supplied by the slag affected strongly the electrochemical measurements. Based on the results of this study, differences in the mechanisms of passivation and corrosion existed between steel embedded in alkali-activated slag mortars and that in white Portland mortars in the presence of chloride ions, where a higher resistance to chloride-induced corrosion of steel was provided by BFS mortars.
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