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Abstract

:

Both the high CO2 emissions associated with cement production and the increasing demand for concrete call for the use of binder types that can be produced in a more climate-friendly way than that of ordinary Portland cement. To ensure that these binders can also be used in reinforced concrete structures, their influence on the corrosion behavior of embedded steel reinforcement must be investigated. In the study presented here, the passivation behavior of steel in mortars made from various new types of binders is investigated. In addition to alkali-activated materials with high and low calcium contents, a calcium sulfoaluminate cement and a binder produced from calcium silicate hydrate (C-S-H) phases, synthesized in an autoclave, were investigated. While the steel clearly passivated in the alkali-activated slag and the C-S-H binder, the calcium sulfoaluminate cement showed the lowest open circuit potentials and polarization resistances, indicating a less effective level of passivation. The metakaolin geopolymer with a potassium-based activator showed an onset of passivation that was dependent on the environment of the specimens at an early age, whereas the alkali-activated fly ash with a sodium-based activator showed a delay in passivation that was not influenced by the environment of the specimens at an early age.
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1. Introduction


The production of cement accounts for roughly 8% of the global anthropogenic CO2 emissions [1,2]. Around 90% of the CO2 emissions associated with cement production result from clinker production, whereas more than 60% of the emissions are generated during the decomposition of limestone [3]. In total, 99.8% of the clinker produced globally is based on ordinary Portland cement (OPC) [3]. This results in enormous potential savings in greenhouse gas emissions through the use of cement types that do not require Portland cement clinker. There are several approaches to develop binder types that are alternatives to OPC and research is being carried out worldwide to enable their practical use in construction. Additionally, to use these types of binder in reinforced concrete structures, the durability of the steel reinforcement in contact with the concrete must be ensured. The first step in this process is the passivation of the steel in contact with the concrete which is ensured for the cement types whose use in reinforced concrete is covered by the current standardization. The passivation of steel in established mortar or concrete is strongly dependent on the pore solution composition and, in particular, the pH and the oxygen availability at the steel surface [4,5,6]. In this study, different types of binders that are produced without Portland cement clinker are investigated regarding their influence on the passivation behavior of steel.



Investigated Binder Types Alternative to OPC


Calcium sulfoaluminate (C    S  ¯   A) cement, also referred to as Ye’elimite-based cement, is the only cement type investigated here that is already produced in large amounts, but with a quantity around 1000 times less than that of OPC [3]. By replacing limestone with a calcium sulfate component in the initial material, CO2 emissions can be significantly reduced during the burning process for the clinker [7,8]. In addition, the burning temperature is lower than with Portland clinker, so that less energy is required for production. In construction practice, C    S  ¯   A cement is particularly used in China [7] but is also commercially available in Europe. The pore solution of C    S  ¯   A-based mortars and concretes has a lower pH compared to OPC-based materials [9,10,11,12,13,14,15]. For the pH of the pore solution at the age of 28 days, values of pH between 11.5 and 12.9 have been reported [10,11,13,15]. Another difference in the pore solution chemistry of C    S  ¯   A-based concretes and mortars is the higher content of sulfate, chloride and aluminum hydroxide [10,13,15]. The influence of C    S  ¯   A on the passivation of steel was formerly investigated by Wang et al. [13,16] at artificial pore solutions and at concretes by both Carsana et al. [11,17] and Yang [18]. The investigations on pore solutions show that the SO42− ions contained in the pore solution counteract the passivation of steel, while the OH− ions and Al(OH)4− ions favor its passivation. Although corrosion phenomena, which occur at a young sample age, are observed in the tests on steel in C    S  ¯   A concrete, a passivating effect is still noted [11,17]. Rapid hardening and high early age strength is typical for C    S  ¯   A cement [7,8,11,19]. Therefore, they are usually mixed with a retardant. Above that, cementitious materials made from C    S  ¯   A cement tend to self-desiccate [17,18,19].



Celitement is a hydraulic binder that is produced on the basis of C-S-H phases, produced by autoclaving a mixture of calcium oxide and silica [3]. Quartz sand can be used as the silica source and a smaller amount of limestone is required than for OPC. This saves CO2, which is produced during the decarbonation of the limestone. In addition, the maximum temperature in the autoclave is lower than the burning temperature of the clinker, meaning that less energy is required to generate the temperature [20]. The synthesis product from the autoclave is hydraulically inert but is then activated by a mechanochemical grinding treatment [21]. After mixing with water, the hydration process takes place and the paste, mortar or concrete hardens. This new type of binder was developed by researchers from the Karlsruhe Institute of Technology (KIT) and is called Celitement [3,22]. It is produced at a pilot plant in small amounts [22]. The pH of the pore solution in pastes made with Celitement is around 12.7 [9,21].



The production of alkali-activated materials (AAMs) does not require limestone, which releases CO2 during decarbonation. Nevertheless, CO2 is also released during the production of the initial materials, but in a much smaller amount than in the OPC production [20]. AAMs are made of precursors that are activated by highly alkaline solutions like water glasses or NaOH and are divided into the following two groups: AAMs with high calcium content in the initial material are referred to as alkali-activated slags (AASs), because the high calcium content is usually brought by slag as a precursor. When precursors with low calcium contents like fly ash or metakaolin are activated, they are called geopolymers. This separation is also useful when investigating the corrosion behavior: The pore solutions of AASs show a higher content of reduced sulfur species that have an influence on the oxygen availability at the steel surface and are, therefore, more comparable to blast furnace cements [23,24]. Geopolymers usually do not show high amounts of sulfur species in their pore solutions [23,24,25,26,27]. The pH of AAM pore solutions is initially very high due to the highly alkaline activator but can decrease significantly over time depending on the selected precursor and activator [9,23,27,28]. Investigations on the passivation of steel in contact with geopolymers were carried out by Fan et al. [29], where a bi-layer structure of the passive film, similar to the passive layer in OPC, was found. The inner layer consists of Fe3O4 and the outer layer is mainly Fe2O3 and FeOOH. The time to passivation was observed to be longer than for steel in OPC-based materials [28,30]. Extensive investigations of the influence of AAS pore solutions on the passivation of steel have been carried out by Mundra [23]. The sulfur species in the simulated pore solutions were found to alter the layer formed on the steel surface. The inner layer was assumed to be Fe(OH)2 (which may oxidize further, if sufficient oxygen is available) and the outer layer is an Fe-S complex which resembles disordered mackinawite.





2. Materials and Methods


To investigate the influence of the alternative binder types mentioned above on the passivation of steel reinforcement, electrochemical tests on mortar specimens with a maximum grain size of 2 mm have been carried out. For a better comparison of the results, the following two cement types standardized in EN 197-1 [31] were used: mortars based on OPC (CEM I) and slag cement (CEM III/B) were tested as references. The first results showed a possible dependency of the passivation behavior on the time frame that the test specimens remained in their sample containers they were cast in. This was assumed for the geopolymers and the C    S  ¯   A. Therefore, additional tests with deviating treatment at a young age for these binder types were carried out.



2.1. Materials and Mixes


In addition to two reference cements (CEM I and CEM III/B), mortar was produced with the alternative binder types C    S  ¯   A (next base) and Celitement. From the group of AAMs, two geopolymers (metakaolin- and fly ash-based) and an alkali-activated slag were investigated. The identifiers used in the course of this publication, information on the mortar mixtures and the water-to-binder (w/b) ratios are given in Table 1. CEN standard sand with a grain size of 0.08 to 2 mm in a binder-to-sand ratio of 1:3 was used to produce the mortars. The w/b ratios were adapted for workability. To calculate the w/b ratios of the AAMs, the liquid portion of the activator solutions and added water were attributed to the water, while the solids content of the activator and the precursor were fully attributed to the binder. As Celitement is a prehydrated binder, the water demand is lower. Superplasticizer based on polycarboxylic ether (PCE) was used.



The chemical compositions of the initial materials are summarized in Table A1 in Appendix A.




2.2. Electrochemical Tests


For each binder type, three cylindrical mortar specimens were produced, according to the three-electrode setup shown in Figure 1.



The smooth steel S235 (DIN EN 10025-2) [32] used as working electrodes was sandblasted prior to the installation in the formwork. The elemental composition of the steel determined using Optical Emission Spectroscopy (OES) is given in Table 2. The top and bottom of the working electrodes were sealed by epoxy resin to create a free length of 85 mm exposed to the mortar under test. MnO2 reference electrodes were used and were directly embedded in the mortar. The potential of the MnO2 reference vs. a standard hydrogen electrode (SHE) is +434 mV. Mixed Metal Oxide (MMO)-coated titanium mesh was used as counter electrodes.



The specimens were covered with plastic sheets and kept in a laboratory climate (20 ± 2 °C, 50 ± 5 % r. h.). They were connected to a potentiostat directly after casting. At the age of seven days, the plastic sheets were removed. The specimens stayed in their formwork for the whole measurement.



Electrochemical tests were performed as listed in Table 3. The measurements were carried out up to an age of 28 days. The open circuit potential (OCP) of the working electrodes vs. the embedded reference electrode was measured and impedance spectra were taken daily. These tests are considered to allow for the formation of the passive layer without disturbance due to the low polarization. At the age of 28 days, an anodic polarization curve starting from OCP was carried out. A slow polarization rate was applied to ensure steady state conditions also in mortars with high resistivities.



The specimens were split after the tests and the working electrodes were visually inspected for corrosion products and photographed. To check for crevice corrosion, the epoxy sealings at the steel ends were also removed.





3. Results and Discussion


3.1. Open Circuit Potential and Polarization Curve


The results of the OCP measurements taken directly after casting up to an age of 28 days are shown in Figure 2. The potential values are converted to the standard hydrogen electrode scale and each point is a mean value of the three specimens produced for each type of binder. The potential ranges given on the right-hand side of Figure 2, given in ref. [33] and converted to the SHE scale, show the variability in the OCP of passive steel in different binder types, depending on the redox system in the pore solution.



The potential increases with ongoing passivation, indicating a declining probability of corrosion [5]. The reference series Ref 1 (CEM I) shows increasing values from day 0 to day 4 and only a slight increase from day 4 to day 7. The values remain almost stable after 7 days. The Ref 2 specimens (CEM III) need more time for passivation. Most of the change happens between day 3 and day 10. After that, the values show only a slight increase and are in the same range as the OCP measured in Ref 1.



The CSA shows a different behavior, with rather positive values at the beginning increasing up to day 1, followed by a decrease and no clear trend after that. The potentials remain around 150 mV more negative than for the other types of binders. The potential value itself is not a clear indication as to whether the steel is passive or not, because the OCP is strongly dependent on the pore solution composition and the pH, oxygen availability and moisture content of the mortar [33,34]. However, the unclear trend of the OCP readings from CSA seems to indicate the samples may not be fully passivating. This might be associated with the period of time the specimens remained within their containers, which can affect the availability of oxygen at the steel surface. This was further investigated and is described in Section 4.



The C-S-H series shows comparably positive values from the beginning and over the whole measurement duration up to an age of 28 days. The values are increasing and remain almost stable from the age of 7 days.



The potential values of the two geopolymers Geo MK and Geo FA show a delayed start of passivation and progress in two steps. Both reach the same value of OPC as the other binders, apart from CSA, but for the Geo MK it takes 12 days to reach a stable OCP and for the Geo FA the values are just starting to stabilize at the end of the measurement after 28 days. The plastic sheets have been removed from the specimens at the age of 7 days. This might have an influence on the passivation time of the geopolymers. Therefore, this was checked in an additional series of tests shown in Section 4, where the containers and plastic sheets were removed at the age of 2 days.



The most negative potentials at the beginning are observed in the AAS specimens. The potential increases and reaches almost stable values within 5 to 7 days, with similar values to the other binders, apart from CSA. This behavior is not typical for AASs, where more negative values can be expected, as seen in the potential ranges marked next to the graph [24,33].



The anodic current density plots of all 21 specimens at the age of 28 days are shown in Figure 3. The potentials are converted to the standard hydrogen scale and corrected by the influence of IR by calculating the potential shift with the measured current and the resistance with the minimum phase angle in the frequency range between 100 Hz and 10 kHz from the impedance spectra from the same day [35]. To calculate the current density, the surface area of the working electrode in contact with the mortar was used. The curves of all binder types follow the shape of a passive working electrode, with no breakthrough potential up to the oxygen evolution potential at around 850 mVSHE. This behavior is consistent with the description of passive steel in mortar seen in [36]. The current density curves for the Geo FA specimens show a slight increase after 400 mVSHE. This could indicate a corrosion activity but the slope is low, however, so this is more likely to be attributed to generalized corrosion rather than to pitting. The shape of the AAS I polarization curves does not show the deviation from other binder types, which is sometimes observed in sulfide-containing media [24,25].




3.2. Results of AC Impedance Spectroscopy


To obtain a better understanding of the processes taking place at the steel surfaces, the results of the AC impedance spectroscopy measurements are discussed in this section. An impedance spectrum was recorded for each of the three specimens per binder type every day between day 1 and day 28. Figure 4 shows an example of the raw data measured on one of the three specimens of the Geo FA series. All 28 measurements of the specimen are plotted in the figure to show the evolution of the curves over time from dark blue (day 1) to orange (day 28). The Bode plot is shown on the left and the Nyquist representation is on the right. In the high frequency region of the Bode plot, the increase in the resistivity of the mortar can be observed. The low-frequency region is influenced by the interface between the mortar and the steel surface. A change in the system between days 9 and 10 is evident here and resulted in a rather sudden decrease in the minimum phase angle and the capacitance associated with the steel mortar interface. At the same time, the polarization resistances increase, represented by the increasing diameter of the only partially visible semicircle in the Nyquist plot in the observed frequency range.



Impedance spectra from all other binder types can be seen in Appendix A, Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6. The quality of measurement data, in terms of linearity and stability over the time period to undertake the measurement, was verified using a Kramers–Kronig transformation [37,38]. To analyze the impedance spectra and compare the evolution of different parameters between the different binder types, all impedance spectra were fitted with the equivalent electric circuits (EECs) shown in Figure 5.



Most of the binder types showed the typical Randles shape but with a deformed semicircle, probably due to inhomogeneities in the steel mortar interface. Therefore, a constant phase element (CPE) instead of an ideal capacitor was used [39,40]. These inhomogeneities can be variations of the properties along the electrode surface or in a direction normal to the surface [41]. In a first attempt, all impedance spectra were fitted with the EEC 1. For CSA, C-S-H and Geo MK, the fit quality of EEC 1 was worse than for the Ref 1 specimens, therefore a second CPE and Ohmic resistance in parallel were added, to take care of additional effects in the frequency range between 10 mHz and 100 Hz. For the C-S-H, this influence is visible in the Nyquist plot (see Figure A4), where the beginning of the semi-circle follows a different pattern to the expected curve. This was the same for CSA. In the Geo MK specimens, an additional effect becomes more obvious in the Bode plot, where the phase shows additional turning points between 10 mHz and 100 Hz (see Figure A5). Capacitive influences in the frequency range over 1 kHz were not considered. The quality of the fits with the different EECs over time is shown in Figure 6 as a mean value of three specimens. The fit results of EEC 1, which were discarded for some binder types (dashed lines and gray legend entries), were not included in the following graphs of the fit results but were used to check the comparability of the parameters from the different EECs.



The resistance R0 is the lowest Ohmic resistance that can be measured in the observed frequency domain. It is mainly a representation of the electrical resistance of the mortar between the steel surface and the reference electrode [42,43]. Because of the unknown geometry of the electric field, these values cannot be used to calculate resistivities, but all specimens had the same setup and dimensions. Therefore, the values are considered to be comparable to each other. The fit results for R0 as the mean value of the three specimens are shown in Figure 7.



The change of the values over time and the differences between the different binder types are in good agreement with resistivities investigated at the same mortar mixes in a four-electrode setup with known geometry in a former investigation published in [44]. However, the storage conditions are not exactly the same in the current investigation and the investigations on the resistivity [44], because the specimens were sealed in [44] and, in the investigation described in this paper, the specimens can dry because the upper surface is exposed to the atmosphere. CSA shows a high R0 in this investigation from the beginning, which starts to lower from the age of 14 days. The resistivity of the CSA mortar in [44] shows a rather linear increase over time. Similar observations are made by Carsana et al. [17], where the resistivity of a CSA concrete in sealed specimens shows a slow decrease after a sharp increase within the first day, and a rather linear increase is observed in water-stored CSA specimens.



The highest R0 from day 3 onwards is observed in the C-S-H series, followed by CSA. In the case of CSA, the high resistance is caused by a pore solution with comparably low conductivity; in the case of C-S-H, a dense microstructure causes this high electric resistance [9,44,45]. The R0 values of the investigated geopolymers are very low, which is also consistent with the literature findings [33,46,47].



The fit results for the capacitances Qdl and the corresponding αdl as mean values of three specimens are shown in Figure 8. To assess the quantitative information, effective capacitances would be necessary [41,48], but the change of the values over time is also valuable; corresponding to the increase in the OCP values, the Qdl values decrease during passivation [49]. For most of the binders, this drastic change happens in the first few days. Just the Geo FA specimens show a different behavior and the capacitance drops after 9 days, which supports the assumption of delayed passivation. Another exception is series CSA, where, analogous to the OCP measurements, no distinct trend is obvious. The values of αdl are between 0.75 and 1.0. For α = 1, the CPE is estimated to be an ideal capacitor; for α = 0, the CPE behaves like an Ohmic resistance and α = 0.5 can be attributed to diffusion processes [40,50,51,52]. So, the values determined here confirm the estimation of capacitive behavior.



The polarization resistance Rp is mainly the charge transfer resistance through the interface between the steel and the mortar but may also contain resistive components from diffusion processes [53]. The fit results for Rp are shown in Figure 9.



Most of the points are shown as the mean value of three specimens. Individual fits for which the polarization resistance could not be specified with an error <10% were excluded. For the C-S-H specimens, polarization resistances could not be reliably estimated from the impedance spectra (see Figure A4). However, the beginning of the semicircles visible in the Nyquist plots indicate continuously increasing and comparably high polarization resistances. The polarization resistances for the reference cements increased over the whole 28 days. Ref 2 (CEM III) shows lower polarization resistances than Ref 1 (CEM I) but they reach the same order of magnitude after 25 days. Increasing values are also seen in Geo MK and AAS I, where the highest polarization resistances could be estimated. Geo FA shows lower polarization resistances than the reference cements, especially in the initial period. This trend is similar to the OCP measurements, where a sharp increase in these values occurs between days 9 and 10. The capacitance values drop at the same time. CSA shows comparably high values of polarization resistances in the initial period but in accordance with the OCP and Qdl measurements, there is not a clear trend over time. At the end of the test, these specimens show the lowest polarization resistances in the range of about 1000 kΩcm2.



The fit results for the second CPE are shown in Figure 10 for three different binder types, where EEC 2 was used. For α = 1, the CPE is estimated to be an ideal capacitor; for α = 0, the CPE behaves like an Ohmic resistance and α = 0.5 can be attributed to diffusion processes [40,50,51,52]. It is, therefore, assumed that diffusion processes influence the system in the cases of CSA and C-S-H, whilst a layer formation with mainly capacitive properties is possible for Geo MK.




3.3. Working Electrodes after the Test


Pictures from the working electrodes after the tests are shown in Figure 11. No signs of corrosion were observed in the Ref 1, Ref 2, C-S-H and AAS I mortars. A few scattered corrosion spots were observed on the steel surface of the CSA mortars. The geopolymers Geo FA and Geo MK showed shallow corrosion marks over the whole surface in contact with the mortar. Crevice corrosion was not observed in any of the specimens.



The mortars that showed signs of corrosion on the steel surfaces were selected for further tests to answer the following questions:




	
Was the passivation influenced by the storage conditions, where the specimens were covered by plastic sheets for the first 7 days and stayed in their formwork for the whole 28 days?



	
Has the corrosion occurred before or during the determination of the polarization curve?










4. Additional Tests on the Influence of Early Age Treatment on Geopolymers and CSA


The binder types that showed signs of corrosion in the tests described above were investigated in additional tests to study the influence of the storage conditions on the onset of passivation. Therefore, three new specimens for each binder type were produced in the same setup as before (see Figure 1). In a deviation from the tests described above, these test specimens were stripped at the age of 2 days and stored in the laboratory (20 °C, 50% RH). The OCP was measured for a period of 14 days. Subsequently, an anodic polarization curve was recorded, analogous to the parameters listed in Table 3, but on only one of the three test specimens. The aim was to see whether the corrosion phenomena occurred prior to or were caused by the polarization.



The results of the OCP measurements on the additional specimens as a mean value of three specimens are displayed in Figure 12. The Geo MK specimens show a direct reaction when the formwork was removed after two days, resulting in an immediate sharp increase in the OCP in all three specimens. For this mortar formulation, an influence of early age treatment is obvious. In the test specimens that stayed in their formwork for 28 days and were covered with plastic sheets (not airtight) for the first 7 days (see Figure 2), passivation also began after 2 days, but the OCP only increased slowly until the plastic sheets were removed after 7 days. Possible causes for this could be the consumption of oxygen, because the specimens were enclosed by their containers and the plastic sheets on top.



Different conclusions can be drawn for the Geo FA specimens. Even if the test specimens are stripped after 2 days (Figure 12), the OCP only begins to rise after 7–9 days, similar to the test specimens that stayed in formwork (Figure 2). The delay in the onset of passivation is, therefore, not attributed to the storage conditions, but rather to the slow reaction kinetics of the fly ash geopolymer activated by sodium silicate and NaOH. However, the time from the onset of passivation to reach stable, more positive OCP values is shorter in the specimens removed from the formwork.



The potential development of CSA shows a similar curve to that of the test specimens in molds, but with slightly more positive OCP values. The values from Figure 2 are shown for comparison as a gray dashed line in Figure 12. Other authors also observed more negative potential values in CSA than in OPC-based concrete [11]. The difference in OCP values of CSA and OPC concretes observed in other studies was more significant in higher relative humidity, where drying is less likely [11].



The pictures of the working electrodes after the additional tests are shown in Figure 13. The electrodes on the left side have undergone the anodic polarization test at the age of 14 days, those on the right side have not. The Geo MK electrodes do not show any corrosion spots, not even the polarized sample. This leads to the assumption that the passivation in the demolded specimens in a laboratory climate was more protective than in the molded specimens. At the Geo FA electrodes, corrosion only occurred on the polarized sample, which indicates that the corrosion happened due to the high polarization over a certain time. The description of the polarization curves (Section 3.1, Figure 3) suggests that these corrosion phenomena took place at a potential above 400 mVSHE. The generalized corrosion can be an effect of a passivation layer that is still weak, because passivation has been delayed. In addition, the polarization can cause a movement of OH− ions away from the working electrode, leading to a decrease in pH at the steel surface. In a rapid migration test on this mortar, comparatively low voltages and short test durations were sufficient to allow chloride ions to migrate into the mortar [54], which indicates that OH− ions may also migrate more easily in this mortar than in mortars made from other binder types.



The electrodes from the additional CSA specimens showed signs of corrosion, regardless of whether they had been polarized or not. It is, therefore, concluded that the corrosion spots occurred because of weak passivation and the presence of chloride and sulfate ions in the CSA pore solution that can promote corrosion. Other authors have also observed that corrosion spots tend to occur in CSA in the early days prior to passivation commencing [17].




5. Summary


The two cement types used as references show the expected behavior in steel passivation. The passivation of steel in Ref 1 (CEM I) mortar starts immediately after casting and almost stable OCP values with just a slight increase are reached after 5 to 7 days. Increasing OCP values tend to occur together with rising polarization resistances and a decrease in the double-layer capacitances. The passive state at the age of 28 days was confirmed using a polarization curve without peaks in the current density up to the potential associated with oxygen evolution and uncorroded surfaces of the working electrodes after the test. The same applies for Ref 2 (CEM III/B) with the only difference being that the OCP readings start to increase at the age of 3 days and take until the age of 11–13 days to remain stable. The slower passivation is also reflected in the polarization resistances that need until day 25 to reach the same values that the Ref 1 specimens attain.



CSA showed the lowest OCP values at the age of 28 days, without a clear trend to rising values. The same applies to the polarization resistances from EIS. The values were in the region of 1000 kΩ ∙ cm2 after 28 days and were, therefore, lower than for all other binders. The polarization curves do not show peaks that would indicate pitting, but rather locally distributed signs of corrosion were visible on the steel surfaces after the tests. Slightly more positive OCP values were observed in additional tests where desiccation could take place unhindered. But the indifferent trend remains the same under this treatment. Corrosion products were also visible in the additional tests on polarized and nonpolarized samples, so it is concluded that the corrosion products occurred before the age of 14 days. Carsana et al. [17] observed higher current densities and lower potentials with this binder in the initial stages of curing and concluded that visible corrosion spots can occur in the early stages of passivation in the mortar. Also, the high resistivity of CSA was confirmed [17]. According to earlier investigations, this is an effect of a pore solution with comparably low conductivity [44]. The weak passivation of steel in CSA mortar observed in this study can be an effect of the lower pH of the pore solution and high amounts of SO42− and Cl−, typical for C    S  ¯   A-based materials [10,11,13,15] and the test conditions where desiccation was impeded. However, the literature findings show better durability characteristics of mixed systems with OPC and C    S  ¯   A than with pure C    S  ¯   A systems [17,55]; long-term investigations indicate that corrosion protection is possible in C    S  ¯   A-based materials even in a chloride-rich environment. So further research is required to describe the corrosion behavior of steel in C    S  ¯   A-based materials that are subject to carbonation or chloride ingress.



For Celitement (C-S-H), there are hardly any studies on the influence of corrosion behavior of embedded steel because this binder type is very new and only produced in a small pilot plant that was built in 2011 [22]. The OCP showed values more positive than for the other binder types right from the beginning. They increased immediately and reached stable values after 5 to 7 days, slightly more positive than the other binder types. The increase in potential was accompanied by a decrease in the double-layer capacitances. Polarization resistances could not be reliably determined using EIS. However, the beginning of the semicircles visible in the Nyquist plot indicate continuously increasing and comparably high polarization resistances. The fit values of the impedance spectra indicate a diffusion process influencing the system. The passive state was confirmed by a polarization curve that showed low current densities and steel surfaces without any signs of corrosion after the tests. The high resistivity of this mortar makes electrochemical measurements challenging. Although the reference electrodes were embedded directly in the mortar near the steel surface, the lowest impedance at the age of 28 days shown in the impedance spectra was around 2 kΩ and around 18 times higher than in the CEM I specimens with the same setup. Therefore, in electrochemical experiments with this mortar, the IR-drop has to be expected to have a greater influence on polarization curves and the effect of sweep rates [56] than in comparable experiments with other binder types.



The low-Ca AAMs/geopolymers showed delayed passivation, which was also observed by other authors [28,30]. However, the delay was influenced by the method of storage of the test specimens and the formulation. In the fly ash activated by sodium silicate and NaOH (Geo FA), the passivation of the steel started at the age of 7 days, regardless of whether the test specimens were molded and covered with plastic sheets for seven days or demolded after 2 days and exposed to the laboratory climate. The passivation of the steel in the Geo FA specimens seems weaker than in OPC at the tested ages, indicated by lower polarization resistances and the presence of visible corrosion products that occurred during the anodic polarization curve. Unpolarized steel surfaces remained without corrosion products. The delay of the onset of passivation indicates that this formula should be tested at a later age because the passivation can still occur after 28 days. The passivation of the steel in the metakaolin activated by potassium silicate showed a storage-dependent onset of passivation. In the specimens that were kept in molds and covered with plastic sheets, the OCP started to rise at the age of three days and took until an age of ~14 days to reach almost stable values. The steel surfaces polarized at the age of 28 days showed corrosion spots evenly distributed over the steel surface, although the polarization resistances estimated from impedance spectroscopy were higher than in OPC. The specimens that were demolded and kept in the laboratory from the age of two days showed an immediate rise of the OCP after demolding and no signs of corrosion, even after polarization at the age of 14 days. The onset of passivation was found to be more delayed in the fly ash activated by a sodium-based activator than in the metakaolin activated by a potassium-based activator. Tittarelli et al. [28] observed that the delay in the onset of passivation was more distinct in a metakaolin combined with a sodium-based activator than in fly ash combined with a potassium-based activator. This indicates that the early passivation behavior might be more influenced by the type of activator than by the type of precursor. However, systematic research on the impact of the activator solution on passivation is recommended. The resistivity of the geopolymers was very low compared to the other binder types, which is consistent with the literature findings [33,46,47].



The high-Ca AAM (AAS I) leads to the passivation of the steel. The OCP values were the lowest at the beginning but showed a sharp increase and reached stable values at the age of five to seven days. The passive state at the age of 28 days was confirmed by polarization resistances higher than in the reference cements, a polarization curve with a passive shape and steel surfaces that show no signs of corrosion after the polarization. However, the results are not typical in some details. The OCP values of steel in AASs can be considerably lower than in OPC and polarization curves can have a different shape, probably due to the amount of reduced sulfur species in the pore solution of AASs [23,24,25]. This was not observed here but can be explained by the low content of sulfur in the investigated AAS. The pressed-out pore solution of the investigated AAS showed a content of total sulfur of 8.79 mM at the age of seven days and 3.34 mM at the age of 28 days, respectively. This is low compared to the pore solutions of other alkali-activated slags.




6. Conclusions


From the measurements, the following conclusions can be drawn for the passivation of steel in the investigated mortar formulations made of different novel binder types as an alternative to OPC:



	
The C    S  ¯   A mortar shows a weaker passivation during the observed period up to an age of 28 days, at least when desiccation is impeded. Lower and fluctuating OCP and polarization resistances are observed than in other binder types.



	
The mortar based on Celitement (C-S-H) leads to passivation of the steel and reaches stable conditions within 5 to 7 days. The OCP was slightly more positive than for the other binder types investigated here, right from the beginning. Electrochemical measurements can be challenging because of the high resistivity of the mortar.



	
The two low-Ca AAMs (geopolymers) based on fly ash or metakaolin showed very low electric resistances of the mortars. The onset of passivation was influenced by the storage condition of the specimens at a young age in the potassium silicate-activated metakaolin. The passivation of steel in alkali-activated fly ash (with sodium-based activator) was delayed and started approximately 7–9 days after casting. This effect was independent of the storage condition.



	
The steel in the AAS mortar passivated within 5–7 days. However, the results differ from typical AASs in OCP values and polarization curve shape, which is attributed to the low sulfur content in the investigated AAS.






The findings obtained here will be verified by ongoing investigations into different concrete formulations and further developed by tests on the corrosion behavior of steel reinforcement in different mortars due to chloride ingress.
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Table A1. Chemical composition of the initial materials (wt.-%).
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	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	MnO
	TiO2
	K2O
	Na2O
	SO3





	CEM I

(Ref 1)
	20.50
	4.70
	2.90
	63.20
	1.30
	0.03
	0.20
	1.22
	0.28
	3.20



	CEM III/B

(Ref 2)
	30.5
	8.80
	1.40
	45.80
	6.20
	0.11
	0.55
	1.04
	0.34
	2.20



	  C   S  ¯   A

(CSA)
	6.70
	24.00
	3.30
	43.30
	1.10
	0.01
	1.09
	0.27
	0.09
	17.40



	Celitement

(C-S-H)
	40.90
	2.00
	1.20
	43.10
	1.20
	0.01
	0.03
	0.86
	0.29
	0.00



	Metakaolin (Geo MK)
	65.80
	21.20
	4.30
	2.20
	0.50
	0.01
	0.80
	0.49
	0.16
	0.10



	Fly ash (Geo FA)
	56.15
	21.83
	8.68
	5.61
	2.29
	0.08
	0.94
	2.19
	0.89
	0.45



	Slag

(AAS I)
	29.28
	17.61
	1.35
	41.05
	6.05
	0.24
	0.59
	0.14
	0.84
	0.74
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Figure A1. EIS measurements carried out daily over 28 days for series Ref 1 (CEM I). 
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Figure A2. EIS measurements carried out daily over 28 days for series Ref 2 (CEM III). 
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Figure A3. EIS measurements carried out daily over 28 days for series CSA. 
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Figure A4. EIS measurements carried out daily over 28 days for series C-S-H (Celitement). 
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Figure A5. EIS measurements carried out daily over 28 days for series Geo MK. 
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Figure A6. EIS measurements carried out daily over 28 days for series AAS I. 
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Figure 1. Schematic representation of the specimen design. 
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Figure 2. (Left): Results of OCP measurements over 28 days as mean value of three specimens each. (Right) Potential ranges adapted from [33]. 
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Figure 3. Anodic polarization curves of all 21 specimens at the age of 28 days. 
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Figure 4. Representation of EIS measurements carried out daily over 28 days on a specimen of the series Geo FA. 
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Figure 5. Equivalent electric circuits used to fit the EIS data. 
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Figure 6. Fit quality as mean value of three specimens of used and discarded equivalent circuits (EECs). 
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Figure 7. Fit results for the resistance R0 connected in series. 
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Figure 8. Fit results for the capacitance Qdl and αdl as mean values of three specimens. 
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Figure 9. Fit results for the polarization resistance Rp. 
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Figure 10. Fit results for the capacitance Q1 and belonging alpha as mean values of three specimens. 
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Figure 11. Working electrodes after the tests. 
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Figure 12. OCP measurements on additional specimens that were removed from formwork at the age of 2 days, displayed as mean values of three specimens. 
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Figure 13. Working electrodes from additional tests with and without anodic polarization. 
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Table 1. Overview of investigated materials, w/b ratios and used identifiers.
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	Identifier
	Material Composition
	w/b





	Ref 1
	CEM I 42.5 R
	0.5



	Ref 2
	CEM III/B CEM III/B 42.5 N-LH/SR
	0.5



	CSA
	  C   S  ¯   A (next Base) with 1% tartaric acid by weight of binder as retarder
	0.5



	C-S-H
	Celitement, PCE-based superplasticizer (2% by weight of binder)
	0.4



	Geo MK
	Metakaolin activated by potassium silicate (silicatemodulus 1.1)
	0.5



	Geo FA
	Fly ash activated by NaOH (19.068 M) and sodium silicate (silicate modulus 2.0)
	0.34



	AAS I
	Slag activated by sodium silicate (silicate modulus 2.0)
	0.38










 





Table 2. Elemental composition of the steel, values in %.
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	Fe
	Mn
	Cu
	Si
	Ni
	C
	Cr
	Sb
	Mo
	S
	Sn
	As
	Te
	P





	98.0
	0.71
	0.39
	0.212
	0.160
	0.114
	0.092
	0.048
	0.031
	0.030
	0.029
	0.025
	0.024
	0.020










 





Table 3. Overview of the measurement parameters for the electrochemical tests.
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	Method
	Measurement Parameters
	Schedule





	Open circuit

potential (OCP)
	Reference electrode: MnO2;

Sample period: 1 s;

Stability criterion: ±0.1 mV in 10 s
	Daily from

day 0 to 28



	Electrochemical

impedance spectroscopy (EIS)
	Frequency range: 0.001 Hz to 10 kHz;

Voltage: ±10 mVrms vs. OCP;

5 points per decade
	Daily from

day 1 to 28



	Anodic polarization curve
	Voltage: from OCP to ~1000 mVSHE (IR free);

Feed rate: 2 mV/min;

Sample period: 120 s
	Once at the end

(day 28)
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