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Abstract


The durability of steel reinforcement in geopolymer composites is significantly influenced by the chemical characteristics of the alkaline medium in which they are embedded. This research offers detailed insights into the corrosion kinetics and mechanisms of geopolymers derived from various fly ash and alkaline activator formulations, considering their inherent microstructural and chemical heterogeneity. This study investigates the effect of the molarity of sodium hydroxide (NaOH) solution and the ratio of sodium silicate to sodium hydroxide (Na2SiO3/NaOH) on the corrosion behavior of steel reinforcement in geopolymer matrix under the action of chloride ions. Corrosion of steel reinforcement embedded in geopolymer binder prepared by alkaline activation of fly ash with alkaline activator prepared with different Na2SiO3/NaOH ratios (1:1, 1:2, 2:1) and different molar concentrations of NaOH solution (6 M, 8 M and 10 M) was analyzed in terms of process kinetics using Open Circuit Potential (OCP) and Linear Polarization (LP) and mechanism by Electrochemical Impedance Spectroscopy (EIS). The study demonstrates that a Na2SiO3:NaOH ratio of 1:2 and an 8 M NaOH solution yield the most favorable combination of physical and mechanical properties and corrosion resistance, confirmed by the highest apparent density, lowest water absorption, and significantly reduced corrosion current densities (as low as 0.72 μA/cm2), as well as highlighting porosity and pH as key factors influencing steel protection in geopolymer matrices.
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1. Introduction


The continuous expansion of the built environment, driven by the escalating demands of human activity across industry, production, services, and transportation, has established cement, the primary component of cementitious composites and concrete, as the second most utilized resource globally, after water [1]. The production of cement is associated with a considerable environmental impact, primarily due to its substantial carbon dioxide (CO2) emissions. The emission ratio, which generally ranges from 0.6 to 0.8 tons of CO2 per ton of cement produced [2,3,4], contributes to the cement industry’s annual global CO2 emissions, which amount to 4%–7% of the total. Projections indicate that this contribution could escalate to 10%–15% within the next decade. [5,6,7,8]. Concrete constructions and cementitious composites are globally recognized for their exceptional durability, workability, architectural versatility, and well-established technological understanding. However, the cement industry also exerts a substantial environmental impact, particularly concerning resource consumption and energy expenditure. As a result, recent research efforts have placed increasing emphasis on the implementation of Circular Economy principles and the identification of more sustainable alternatives. A prominent solution in this pursuit involves the substitution of conventional concrete, wherever feasible, with composites derived from alkali-activated fly ash. These materials, which are broadly categorized as geopolymers, are particularly compelling given recent assessments suggesting their potential to reduce CO2 emissions by a significant margin, ranging from 26% to 45% and potentially up to 70%–80% [9,10,11,12,13,14,15,16,17,18,19,20]. Geopolymers derived from alkali-activated fly ash constitute a distinct class of materials synthesized through polymerization reactions. These reactions occur between specific oxides inherent to fly ash, including SiO2, Al2O3, CaO, Na2O, and Fe2O3, and an alkaline activator solution typically comprising hydroxides and alkali (Na/K) silicates.



While the current state of research has demonstrated the feasibility of producing geopolymers with commendable compressive strength, favorable fire resistance, and resilience in corrosive environments, their primary limitation lies in their inherently low tensile strength and susceptibility to cracking. One effective strategy to mitigate these disadvantages, analogous to practices in Portland cement-based concrete, is reinforcement. The implementation of reinforcement can be achieved through conventional methods, including the incorporation of long reinforcing bars, reinforcement mesh, or dispersed short steel fibers. Moreover, extant research suggests that the use of recycled steel derived from end-of-life automotive tires or the implementation of hybrid reinforcement systems combining steel fibers with polymeric fibers such as polypropylene (PP), polyethylene (PE), and polyvinyl alcohol (PVA) are viable approaches that result in enhanced geopolymer performance [20].



From a chemical compositional perspective, geopolymers are complex mixtures encompassing crystalline, semi-crystalline, and amorphous aluminosilicate phases. The specific characteristics of geopolymers are largely dependent on the nature of the raw materials and the preparation methodology. Despite the extensive research activity documented in the prevailing literature concerning the mechanisms of geopolymerization and the performance of these binder types, the predominant focus has been on microstructural characterization and its direct influence on physical and mechanical properties [10,11,21]. Research focusing on the behavior of steel reinforcements embedded in geopolymers is notably underrepresented in the specialized literature. This trend is evidenced by a recent database analysis (Figure 1), where studies addressing “geopolymer corrosion” constitute a significantly smaller proportion of the total body of work compared to broader searches for “geopolymer”, “rebar corrosion” or “concrete corrosion.”



Passivation of steel reinforcement in concrete is typically facilitated by the alkaline environment; however, this protective effect can be compromised by carbonation or chloride penetration [21,22]. In geopolymer matrices, the Cl−/(OH)− ratio, influenced by porosity and hydroxyl group concentration, is crucial for corrosion initiation [23,24,25,26]. While some studies suggest that geopolymers offer superior chloride impermeability and corrosion protection, others report similar or even lower protection compared to conventional concrete [24,25,27,28,29,30,31,32,33,34,35,36]. The incorporation of calcium oxide (CaO) into geopolymer binders has been demonstrated to reduce chloride permeability and stabilize pH by forming N-A-S-H and C-A-S-H type bonds, thereby enhancing reinforcement stability [37,38,39,40,41,42,43]. The characteristics of fly ash, including oxide composition and fineness, have been demonstrated to significantly impact the geopolymer’s microstructure and electrochemical performance [37,38,39,40,41,42,43]. A body of research suggests a correlation between increased compressive strength in Class F fly ash-based geopolymers and reduced chloride penetration. Furthermore, higher alkaline activator dosages have been shown to enhance corrosion resistance [44]. Geopolymers also maintain an alkaline pH for steel stability due to a pore electrolyte that is rich in carbonate/bicarbonate ions. This prevents galvanic cell formation and avoids the chloride accumulation that is observed at the binder-reinforcement inter-face in Portland cement [45,46,47,48,49,50]. Extensive research conducted under conditions of wet-dry cycling further corroborates the enhanced corrosion protection properties of geopolymers, attributable to their reduced porosity and augmented alkalinity [48]. The geopolymerization products and microstructure, influenced by fly ash characteristics and alkaline activator molarity, contribute to material densification and improved chloride resistance [51,52,53,54,55,56,57,58].



Tennakoon et al. [59] reported that the time required for the initiation of chloride-induced corrosion of embedded reinforcements in geopolymer matrices based on alkaline-activated fly ash can be up to 10 times longer compared to the time required for the initiation of corrosion of reinforcement in cementitious composites [59,60,61].



Experimental investigations utilizing low-calcium class F fly ash sourced from Australian thermal power plants for geopolymer synthesis have yielded significant findings regarding corrosion behavior. These studies reported corrosion current densities, a direct indicator of corrosion rate, of less than 1 µA/cm2 (with specific instances as low as 0.166 µA/cm2) in the absence of chloride ions. In the presence of chloride ions, corrosion current densities ranged from 0.5 to 3.5 µA/cm2. Furthermore, the formation of specific corrosion products, namely hematite [Fe2O3], akageneite [FeO(OH)] and lepidocrocite [c-FeO(OH)] [1,62]. Further research using geopolymer binders prepared by alkaline activation of class C fly ash demonstrated high resistance to chloride penetration, supporting the hypothesis that such binders afford a high degree of corrosion protection to the embedded reinforcement [26,63].



Long-term studies have shown that mortars prepared with 70% alkali-activated fly ash and 30% Portland cement offer good corrosion protection to embedded reinforcement over a one-year exposure period to 95% relative humidity, both in the absence or presence of chlorine ions introduced into the binder matrix at preparation (0.4%). Notably, this performance is comparable to that exhibited by conventional Portland cement-based mortars [21,43,45,64].



Electrochemical tests conducted using an electrochemical cell with a saturated calomel electrode (SCE) showed that, following only 12 h of binder curing, the corrosion potential of steel in OPC mortars increased, whereas in geopolymers it began to decrease irrespective of their strength class. The polarization resistance of reinforcement embedded in cementitious composites increased immediately, whereas for the reinforcements within geopolymers, this increase occurred with a delay, after 4–7 d. Subsequent to this 4–7 day period, the corrosion potential values of the reinforcement in geopolymers shifted to less negative values, becoming comparable to those in cement-based mortars, while polarization resistance values remained relatively stable. This behavior is attributed to a decrease in the alkalinity of geopolymers after the initial week of curing, resulting from the formation of non-alkaline products during the polymerization reaction [65], thus rendering the environment less aggressive towards the embedded reinforcement.



Therefore, geopolymers exhibit a tendency for delayed passivation of embedded reinforcement, with observed corrosion potentials stabilizing around −1500 mV/SCE. The initially low polarization resistance observed during the first week following reinforcement embedment in the geopolymer binder can be attributed to the exceptionally high initial alkalinity of the binder, which delays the formation of a passive layer on the steel surface. Galvanized reinforcement shows significantly better behavior, as zinc exhibits high reactivity in strong alkaline environments and the calcium oxide content of the binder favors the formation of passive zinc complexes.



Other influencing factors identified include those that impact the microstructure and overall properties of geopolymers, specifically the characteristics of raw materials and processing parameters [28,66,67,68,69,70,71,72,73,74]. While some studies aimed to mitigate chloride-induced corrosion by using high-calcium fly ash in the geopolymer binder, findings have conversely indicated that low-calcium fly ash yields better performance [28,75]. Furthermore, Criado et al. emphasize the critical role of strong adhesion at the reinforcement–geopolymer interface in achieving effective corrosion protection [76]. Therefore, thorough characterization of the physical and mechanical performance of the geopolymer embedding the reinforcement becomes essential for quickly assessing its behavior under chloride-induced corrosion.



A comprehensive review of the extant literature clearly indicates that the phenomenon of corrosion, pertaining to both iron and other metallic materials generally, is primarily characterized through experimental electrochemical methods. A universal requirement of these electrochemical approaches is the deployment of a testing station comprising a potentiostat and an electrochemical cell. In such setups, the material under investigation functions as the working electrode, while the reference and counter electrodes may vary depending on the specific experimental context. However, results are consistently reported in relation to their specific characteristics.



Among the frequently employed techniques for analyzing corrosion mechanisms, Electrochemical Impedance Spectroscopy (EIS) is widely utilized. The kinetics of the corrosion phenomenon are typically assessed through potentiodynamic polarization curves, which are then interpreted via the Tafel extrapolation method. The open-circuit potential (OCP) method is the most common approach for thermodynamic characterization. In addition to these electrochemical methodologies, materials are frequently subjected to specific spectroscopic and optical analyses [77,78,79,80].



Open-circuit polarization tests reported corrosion potential values of 87 mV, 133 mV, and 206 mV, depending on specimen curing duration (7 and 28 d, respectively) [81,82]. According to the criteria indicated by ASTM C876-09 [83] (Table 1), which provides a methodology for quantifying corrosion risk based on recorded corrosion potential, these values correspond, at most, to a low risk of corrosion. An alternative method for quantifying the corrosion stage of the reinforcement involves the correlation between corrosion current, corrosion rate and corrosion stage of steel reinforcement in concrete, according to ASTM C876-09 (Table 2).



Electrochemical studies conducted on specimens subjected to chloride ions by immersion in a 3.5% NaCl solution [50] revealed notable trends. Following just two days of exposure, the average corrosion potential (Ecor) values of reinforcements embedded in cement-based mortar rapidly declined from approximately 0.1 VSCE to values more negative than 0.276 VSCE, a threshold that, according to ASTM C876-09, indicates a high probability of active corrosion. A similar trend was observed after approximately 6 days of exposure for reinforcements embedded in geopolymer binders prepared with 12 M or 14 M NaOH solution, and after just 1 day for the geopolymer prepared with 16 M NaOH solution.



For prolonged exposure durations within a chloride-rich environment, the corrosion potential of reinforcement embedded in the studied geopolymer matrices ranged between −0.60 and −0.65 VSCE, with increasingly negative values corresponding to higher NaOH molarities. Reinforcement embedded in denser geopolymer matrices, particularly those produced with lower molarity NaOH solutions (12 M, 14 M), exhibits improved corrosion resistance, attributed to the hindered penetration of chloride ions into the steel–binder interface. Additionally, compared to reinforcements embedded in cementitious composites, those in denser geopolymer matrices benefit from enhanced protection, despite the higher critical chloride threshold observed in geopolymers (1%–1.7% vs. binder compared to 0.5% for cementitious matrices). This improved performance is attributed to the presence of silicate ions within the specific pore solution of geopolymer binders, which exert an inhibitory effect on the corrosion process.



In terms of corrosion morphology, for reinforcements embedded in geopolymer matrices, corrosion occurs in a diffuse manner across the metal surface, whereas in cement-based composites, corrosion is localized and exhibits deeper pitting [21]. This observation may have significant implications for the failure mode of the reinforcement and, consequently, for the overall durability of the reinforced structural element.



Therefore, considering the persistent controversies in the specialized literature—mainly due to the heterogeneity of precursors used in geopolymer synthesis, but not exclusively—the objective of this study is to evaluate the resistance to chloride-induced corrosion of steel reinforcement embedded in geopolymer binder paste. The novelty of this work stems from its comprehensive approach to this scholarly debate, addressing the escalating scientific interest in the field, as evidenced by the growing number of publications analyzed in Figure 1. Specifically, the study’s scientific contribution is multifaceted, focusing on how the particular characteristics of raw materials and processing parameters directly influence the geopolymer’s microstructural features and its physical and mechanical performance. The inherent characteristics of fly ash (FA), which vary significantly between thermal power plants based on the type of coal burned, its origin, as well as the plant’s specific technological features and the diverse nature and properties of alkaline activators (AA), including NaOH solution molarity and the Na2SiO3/NaOH ratio, induce substantial heterogeneity in geopolymer properties across microstructural, physical, and chemical levels. Given that pH and porosity, among other geopolymer indicators, are determinant factors in the kinetics and mechanism of corrosion, this research uniquely employs a deliberate selection of FA, specifically characterized by its production thermal power plant, alongside a comparative analysis of varying NaOH molarities (6 M, 8 M, and 10 M) and the NaOH/Na2SiO3 ratio in AA preparation, thereby directly influencing the observed corrosion indicators and contributing to a clearer understanding of this complex phenomenon.




2. Materials and Methods


To analyze the influence of the alkaline activator on the corrosion of reinforcement embedded in a geopolymer binder matrix—quantified as the resistance of steel reinforcement under chloride ion attack and in accordance with the scientific literature—the following research hypotheses were established:



Hypothesis 1.

The molarity of the NaOH solution and the Na2SiO3/NaOH ratio used for preparing the alkaline activator in the process of fly ash alkali activation influence the physical and mechanical properties of the geopolymer binder.





Direct, quantitative, measurable indicators of physical and mechanical performance include hardened-state density, compressive strength, flexural tensile strength, and capillary water absorption. These are correlated with optical microscopy analysis of the geopolymer matrix and are considered indirect, qualitative indicators of the porosity of the geopolymer binder matrix in which the reinforcement is embedded.



Hypothesis 2.

The porosity of the geopolymer matrix is a factor influencing the degree of corrosion protection it offers to the embedded reinforcement.





Direct, quantitative, measurable indicators of the corrosion process include corrosion potential, corrosion current, and anodic and cathodic slopes of the Tafel curve, which characterize the kinetics of the corrosion process, as well as the equivalent electrical circuit derived from electrochemical impedance spectroscopy (EIS) diagrams, which characterizes the corrosion mechanism.



Qualitative indicators of the corrosion process include the shape of open-circuit potential polarization curves, which describe the surface phenomenon of the reinforcement, specifically the formation or breakdown of the passive layer on the steel surface in the presence of chloride ions.



This hypothesis was established in accordance with reports from the scientific literature. In this regard, Monticelli et al. [46] report an inverse correlation between the molarity of the NaOH solution used in preparing the alkaline activator and the resultant compressive strength, manifested through a reduction in the Na2O/SiO2 ratio. Simultaneously, capillary water absorption is used as an indirect indicator of the material’s porosity (a capillary water absorption coefficient of approximately 0.43 kg/m2·min0.5 and a water absorption rate of about 7.2 kg/m2 are reported for all geopolymer compositions, regardless of the NaOH solution molarity, which ranged between 12M and 16 M). The experimental research methodology to validate/invalidate the research hypotheses is schematized in Figure 2.



2.1. Materials


To analyze the influence of the characteristics of the alkaline activator utilized in the preparation of the geopolymer binder on the behavior of steel reinforcement under chloride ion attack, specimens were made using the following materials:



Fly ash sourced from the electrostatic precipitators of the Rovinari thermal power plant, Romania, was characterized in terms of its oxide and mineralogical composition as well as its particle size distribution, as presented in Table 3 and Figure 3 and Figure 4. The physical and chemical characterization of the fly ash was performed using X-ray fluorescence (XRF) analysis, employing a HELOS RODOS/L, R5 instrument (Sympatec GmbH, Clausthal-Zellerfeld, Germany) (Table 3). The mineralogical composition of the fly ash was analyzed by X-ray diffraction (XRD) using a Bruker D8 ADVANCE X-ray diffractometer (Bruker, Karlsruhe, Germany). Scans were recorded over a range of 5–60° (2θ) with a step size of 0.02° and a scan speed of 10 s per step (Figure 5).



As seen in Figure 5, The diffuse reflection peak for quartz was predominantly at 26.59° (2θ), with additional smaller peaks at 20.82 and 50.14° 2θ. Albite was detected at 13.88, 23.53 and 27.90° (2θ). Muscovite M1 was identified at various angles: 19.91, 22.93, 25.50, 26.78, 27.90, 29.84 and 35.06° (2θ). Hematite was identified by X-ray diffraction at angles of 24.02, 33.09, 35.47, 40.82, 49.28, 53.96 and 57.29° (2θ). The peak with the highest intensity at 2θmax, 26.59° (2θ), was assigned to quartz.



The alkaline activator solution used in the synthesis of the geopolymer binder was prepared from two components: sodium silicate (Na2SiO3) solution, acquired from (Polichim, Baia Mare Romania), used without any further modification, and sodium hydroxide. The molarity of the NaOH solution and the Na2SiO3/NaOH mass ratio were identified as primary variables for the alkaline activator’s formulation. These parameters were systematically varied to investigate their influence on both the geopolymer matrix characteristics and the corrosion behavior of embedded steel reinforcement. The specific compositions for each alkaline activator solution are outlined in Table 4. This serves as a reference in coding the geopolymer binder formulations for traceability and reproducibility.



Plain steel bars (type OB37) with a 6 mm diameter from PROMET STEEL JSC, Debelt, Bulgaria, commonly used for concrete reinforcement, were utilized in this study. This type of reinforcement possesses the following mechanical properties: yield strength of 255 N/mm2, tensile strength of 360 N/mm2, and minimum elongation at break of 25%, with a linear mass of 0.222 kg/m.



Prior to their incorporation, the steel specimens were prepared by cleaning and removing any pre-existing rust, sealing the lower end, and isolating the upper section that crosses the cementitious surface using an epoxy resin (Figure 6). These isolation procedures were carried out to ensure a uniform and controlled exposed metal surface area for all samples—specifically, 2512 mm2, corresponding to a cylinder with a height of 100 mm and a base diameter of 8 mm. The isolation was also essential to prevent differential aeration corrosion in the region where the reinforcement exits the geopolymer material, which would otherwise be in contact with the saline solution used as an electrolyte in the electrochemical cell.




2.2. Production of the Alkali-Activated Geopolymer Binder and Sampling


The raw materials were dosed using a KERN FKB 36K0.1 balance (KERN & SOHN GmbH, Balingen, Germany), with an accuracy of 0.1 g. Prior to use, all materials were stored for at least 24 h under laboratory conditions (temperature: 23 ± 1 °C and relative humidity: 65 ± 5%). The mass ratio of fly ash to the alkaline activator was maintained constant. Following precise proportioning, the raw materials were thoroughly mixed using an ELE paddle mixer (ELE International Ltd., Milton Keynes, UK).



For each type of geopolymer binder composition, prismatic specimens (40 × 40 × 160 mm3) were cast in metallic molds for the determination of the physical and mechanical properties. Simultaneously, cylindrical molds with an inner diameter of 80 mm and a height of 172 mm were used to cast the geopolymer binder. Into these molds, an OB37 steel reinforcement bar (Ø6 mm), prepared as detailed in Section 2.1 and depicted in Figure 6, was vertically centered and embedded.



Following casting, the specimens were heat cured for 24 h at 70 ± 2 °C in a thermostatic oven (MEMMERT ULE 500 chamber, MEMMERT GmbH + Co. KG, Schwabach, Germany) to complete the geopolymerization reactions. After demoulding, the specimens were stored under laboratory conditions for an additional 6 days (temperature: 23 ± 1 °C; relative humidity: 65 ± 5%).




2.3. Physico-Mechanical Characterization of Geopolymer Binder


To assess the physical and mechanical properties of the geopolymer binders and to highlight the influence of the alkaline activator, standardized testing methods were applied on prismatic specimens. Drawing from test standards applicable to mortars, the following properties were determined using the prismatic samples: apparent density in hardened state (according to EN 1015–10:2002 + A1:2007), compressive strength and flexural strength (according to EN 1015–11:2020) and capillary water absorption (according to EN 1015–18:2003). Although all fundamental principles and procedures specified in the standards were strictly followed, one notable deviation from standard mortar testing protocols was applied: geopolymer specimens were tested at 7 d after casting, instead of the 28-day testing period required for cement-based mortars. This modification is justified by literature findings [43,67], which indicate that alkali-activated fly ash-based geopolymers reach maturity and the geopolymerization reactions are substantially completed within 7 days, in contrast to cement-based mortars, where full hydration and hardening typically extend over a 28-day period.



An optical microscopy analysis was also performed on the fractured surfaces of the tested specimens to evaluate the pore size and distribution in the geopolymer matrix. This was performed using a LEICA SAPO optical microscope (Leica Microsystems GmbH, Wetzlar, Germany) connected to a computer, which enabled image capture for further documentation and analysis.




2.4. Electrochemical Analysis


The corrosion resistance of steel reinforcement embedded in the geopolymer binder was assessed using cylindrical specimens. For this purpose, an electrochemical cell was constructed, comprising the following components: a 3.5% NaCl aqueous solution as the electrolyte, the embedded steel rebar serving as the working electrode, an Ag/AgCl (3 M KCl) electrode (Radiometer Analytical, Copenhagen, Denmark) as the reference electrode, and a Platinum (Pt) electrode (Radiometer Analytical) as the counter electrode. The cylindrical geopolymer specimen with the vertically centered embedded steel reinforcement was immersed in the electrolyte such that the top surface of the geopolymer cylinder was covered with a sufficient layer of electrolyte. To prevent differential aeration corrosion, contact between the electrolyte and the epoxy-isolated region of the reinforcement was systematically avoided. The electrolyte level consistently extended 2–3 mm above the geopolymer surface to ensure that it would not reach the exposed metal area.



All electrodes were connected to a VoltaLab PGZ 100 potentiostat (Radiometer Analytical, Copenhagen, Denmark), while testing and data interpretation were carried out using Volta Master 4 Electrochemical Software and ZView Software (version 3.4). Prior to electrochemical testing, all specimens were immersed in the electrolyte for 24 h at 23 ± 1 °C.



Open circuit potential (OCP) monitoring



A thermodynamic, qualitative assessment of the corrosion process and identification of trends in passive oxide film formation and breakdown were obtained by monitoring the open circuit potential (OCP) over a period of 1200 min.



Linear polarization measurements



Quantitative information on the corrosion process and its kinetics was obtained using the linear polarization method. The potential was swept at a rate of 10 mV/min across a range of ±500 mV relative to the OCP. Tafel analysis of the polarization curves provided key kinetic parameters, including corrosion potential, corrosion current, corrosion rate, anodic and cathodic slopes, polarization resistance, and electrochemical impedance spectroscopy (EIS).



The mechanism of the corrosion process was further analyzed using EIS in a frequency range from 100 kHz to 100 mHz, with an amplitude of 10 mV. Impedance spectra at the open circuit potential were represented in both Bode plots (logarithmic plots of impedance modulus and phase angle vs. frequency) and Nyquist plots (imaginary vs. real impedance components).



The equivalent electrical circuit was determined using the Z-VIEW software (version 3.4). This process involved analyzing the fit between experimentally obtained impedance data and characteristic curves derived from various equivalent electrical circuits in the software library. Ultimately, the circuit that exhibited the highest degree of congruence (i.e., optimal superposition) between the experimental and fitted curves was selected (R2 values exceeding 0.85 were deemed to represent a good degree of curve fitting).



The reproducibility of the physical and mechanical indicators was ensured through experimental testing of a set of five samples. For this study, average values were reported, with all individual measurements falling within ±5% of the mean value.



Post-Test Microstructural Analysis



After electrochemical testing, a visual inspection of the reinforcement surface and the adjacent binder matrix was performed. The cylindrical specimens were split longitudinally (along the generatrix plane), and an optical microscopy analysis was conducted using a LEICA SAPO optical microscope (Leica Microsystems GmbH, Wetzlar, Germany) connected to a PC, allowing image capture. This step aimed to



	-

	
Identify localized corrosion areas on the metal surface;




	-

	
Detect signs of corrosion product migration into the binder adjacent to the reinforcement;




	-

	
Environmental conditions and correlation with binder properties.







All tests were conducted under controlled laboratory conditions at a temperature of 23 ± 1 °C and 65% relative humidity.



The electrochemical corrosion tests were carried out in parallel with the physical and mechanical testing of the geopolymer binder. This approach was adopted due to the correlation between water absorption, apparent density and mechanical strengths, which collectively serve as an indirect indicator of the ease with which the chloride-containing saline solution can penetrate the binder matrix and reach the steel surface to initiate corrosion. This penetration occurs through the open porosity of the material. The use of this indirect indicator was deemed necessary due to the absence of direct porosity measurements (e.g., via mercury intrusion porosimetry) in the experimental study.





3. Results and Discussions


3.1. Influence of Alkaline Activator on the Physico-Mechanical Characteristics of Geopolymer Binder


The apparent hardened density was subjected to comparative analysis, considering two primary variables: the ratio of Na2SiO3 to NaOH solutions utilized in the alkaline activator preparation (specifically, ratios of 1:1, 1:2, and 2:1 were investigated) and the molar concentration of the NaOH solution. It was observed that the samples with a 1:2 ratio (i.e., a higher amount of NaOH compared to Na2SiO3) exhibited the highest apparent density (Figure 7).



This increase in density can be attributed to several factors. Firstly, the higher concentration of NaOH promotes more efficient dissolution of the aluminosilicate precursor (e.g., fly ash), leading to the formation of a denser geopolymer gel with fewer pores. Secondly, a lower sodium silicate content reduces the amount of water introduced into the mix (due to the high-water content in Na2SiO3 solution), contributing to a more compact and less porous structure upon hardening. Thus, a higher NaOH content in the activator solution appears to favor the development of a denser microstructure, positively influencing the densification of the geopolymer matrix. This effect was consistently observed across the tested range of NaOH molar concentrations, as reflected in the higher measured bulk density values for this composition type.



This behavior aligns with data reported in the literature, where multiple authors have confirmed that a high Na2SiO3 to NaOH ratio in the activator solution leads to denser and more consolidated geopolymer materials. For example, the studies conducted by Hardjito and Rangan [85] showed that a higher NaOH ratio can lower the viscosity of the fresh paste, facilitating better homogeneity and more effective compacting, which translates into higher density in the hardened material. Similarly, Hamidi et al. [86] demonstrated that at high NaOH molarities (≥8 M), the excess OH− ions accelerate the dissolution of reactive particles, resulting in the formation of a denser gel and a reduction in capillary porosity.



Therefore, the experimental results obtained in this study, showing that samples with a Na2SiO3:NaOH ratio of 1:2 exhibited the highest bulk densities regardless of the NaOH molarity (6 M, 8 M, or 10 M), align with established trends in the literature. These findings reinforce the hypothesis that the activator composition ratio plays a crucial role in defining the microstructure and final performance of geopolymer materials.



Moreover, when evaluating the bulk density values across all geopolymer compositions, it is evident that the variations are minimal, ranging between 1382 and 1420 kg/m³, with a maximum difference of only 38 kg/m³. From a construction materials perspective, this variation falls within a narrow range, indicating low dispersion.



Microscopic analysis of the fractured geopolymer matrix supports these observations by highlighting differences in porosity. Figure 8 presents representative optical microscope images showing large pore sizes (>1.5 mm) in the sample prepared with 6 M NaOH, intermediate pore sizes (0.19 mm < diameter < 1 mm) for the 8 M NaOH composition, and reduced porosity with small pores (maximum 0.6 mm) and compact zones in the 10 M NaOH sample.



Considering that open porosity, quantified indirectly through the degree of material densification, significantly influences the ability of corrosive agents to penetrate and reach the surface of the embedded reinforcement, an initial indication can be made that the Na2SiO3:NaOH ratio of 1:2 in the alkaline activator formulation provides the most favorable scenario in terms of corrosion protection offered by the geopolymer binder.



The results obtained for flexural strength and compressive strength (Figure 9a,b) were correlated with the density values, analyzed in relation to both the Na2SiO3:NaOH ratio (1:1, 1:2, 2:1) and the molar concentration of the NaOH solution (6 M, 8 M, 10 M). It was observed that, for all tested combinations, the specimens with the 1:2 ratio exhibited the best mechanical performance—both in terms of flexural and compressive strength. Although these results consistently aligned with the highest measured bulk densities, suggesting a direct relationship between a denser microstructure and enhanced physical and mechanical behavior of geopolymer pastes, no strict mathematical correlation could be established. Rather, a general trend of improvement was identified.



These experimental results are consistent with findings reported in the literature, which indicate that the bulk density of geopolymer materials has a significant impact on both their mechanical performance and durability. For instance, Rovnaník [87] highlighted that higher density is associated with a more homogeneous internal structure and reduced capillary porosity, which leads to increased mechanical strength and decreased water absorption. Similarly, Temuujin et al. [88] emphasized the critical role of the Na2SiO3 to NaOH ratio in the development of the geopolymer network, noting that a higher proportion of NaOH promotes a more intense activation reaction, resulting in the formation of a denser and better-polymerized gel.



Regarding capillary water absorption (Figure 10), the experimental results—considering that this phenomenon occurs through the material’s open porosity, i.e., the interconnected open-pore network—support the hypothesis of porosity reduction and material densification as the availability of sodium hydroxide increases during the geopolymerization process. Specifically, increasing the concentration of the NaOH solution used as an alkaline activator leads to a decrease in capillary water absorption. Furthermore, for the same NaOH molar concentration, the use of a Na2SiO3:NaOH ratio of 1:2 in the alkaline activator also results in a reduction in the water absorption coefficient.



More concretely, when compared to the compositions prepared with an alkaline activator having a 1:1 Na2SiO3:NaOH ratio, the use of a 1:2 ratio led to reductions in capillary water absorption of 39.4% for R6, 22.3% for R8, and 23.5% for R10. On the other hand, increasing the NaOH molar concentration to 8 M and 10 M resulted in a decrease in the capillary water absorption coefficient by 23.1% and 29.8%, respectively, for compositions using a 1:1 Na2SiO3:NaOH activator. A less pronounced, yet still present, decrease was observed for the 1:2 ratio: 1.4% for NaOH 8 M and 11.3% for NaOH 10 M, compared to the 6 M solution. Similarly, in the case of the alkaline activator prepared with a 2:1 Na2SiO3:NaOH ratio, the capillary absorption coefficient decreased by 3.9% and 9.4%, respectively.



This evolution in results implicitly supports the assumption of reduced porosity. Specifically, the observed material densification reflects a reduction in total porosity, while the decrease in capillary water absorption indicates a corresponding reduction in open porosity.



The importance of these findings lies in the possibility of guiding the optimization process of geopolymer mix designs. The results suggest that selecting an appropriate ratio between the components of the activating solution, specifically, a higher proportion of NaOH, can lead to the production of materials with superior performance in terms of both mechanical strength and durability. Further support for selecting a Na2SiO3:NaOH ratio of 1:2 for the activating solution stems from visual observations. These observations indicate the presence of efflorescence on the surface of geopolymers prepared with an activating solution characterized by a Na2SiO3:NaOH ratio of 2:1, which suggests an excess of Na2SiO3 in that particular case (Figure 11). This phenomenon has also been described in the literature, where it was shown that a high sodium silicate content in the activator can promote efflorescence formation due to the migration of soluble ions to the surface during material curing [89].




3.2. Corrosion Kinetics of Steel Reinforcement Embedded in Geopolymer Binder


Corrosion of iron is known to involve two simultaneous reactions:




	a)

	
The anodic iron oxidation reaction,











Fe(s) ―› Fe2+ + 2e;



(1)







	b)

	
Cathodic reduction reaction of oxidizing species in the environment,








2H+ + 2e− ―› H2.



(2)





Hydrogen depolarization corrosion in acidic environments.


O2 + 2H2O + 4e− ―› 4OH−.



(3)







Oxygen depolarization corrosion in neutral or alkaline environment.



In neutral and alkaline environments, the cathodic process involves the reduction in dissolved oxygen in the electrolyte.



From a thermodynamic point of view, the electrochemical corrosion of steel reinforcement embedded in geopolymer, by analogy with its behavior in concrete, occurs at the interface between the geopolymer and the reinforcement through two simultaneous characteristic reactions involving electron transfer specific to alkaline environments. As a result, an electric double layer forms at the steel–geopolymer interface, analogous to a charged capacitor. The metal, iron in this case, represents the negative side of the capacitor, while the adjacent medium constitutes the positive side. It is known that the standard potential of Fe2+/Fe is −0.441 V, and for the system characteristic of neutral and alkaline environments, O2/OH− is +0.401 V. Under these thermodynamic conditions, iron corrosion takes place. In most environments, iron and its alloys are highly susceptible to corrosion. The thermodynamic prerequisite for corrosion is the continuous capture of excess electrons from the metallic substrate by an oxidizing species present within the electrolyte.



From both thermodynamic and kinetic perspectives, the corrosion phenomenon of steel reinforcement embedded in geopolymer material, prepared in the 9 variants (see Section 2.1), was analyzed using electrochemical methods, namely open circuit potential (OCP) and linear polarization interpreted by Tafel extrapolation. To validate the research hypotheses, FA with well-defined, production-specific characteristics was selected as the raw material. This selection was based on existing scientific literature indicating the significant heterogeneity of FA, which varies considerably in chemical and oxide composition, as well as in particle size distribution, depending on its origin and geographical location. These variations are known to significantly impact the geopolymerization process. A second critical factor impacting geopolymerization is the AA, particularly the concentration of its NaOH solution and the Na2SiO3/NaOH ratio. To thoroughly investigate these influences, three distinct NaOH molarities were used to prepare the AA, with each molarity yielding three AA variants characterized by different Na2SiO3 ratios (overall nine variations). All these parameters, which directly affect the geopolymerization process, are hypothesized to indirectly influence the kinetics and mechanism of embedded reinforcement corrosion. This complex phenomenon relies on the pH of the reinforcement’s immediate environment, how easily corrosive agents (specifically chloride ions) reach the steel surface, and how diffusive corrosion products are within the adjacent binder. These findings are in accordance with the scientific literature [77,78,79,80].



The analysis of open circuit potential evolution (Figure 12a,d) for the studied samples highlights the following: For the geopolymer samples prepared with a 6 M NaOH solution, NaOH, initial potential recordings indicated that sample R6–1:2 exhibited the most noble (least negative) corrosion potential, followed by R6–1:1, while R6–2:1 displayed the most active (most negative) potential. The potential of sample R6–1:2 decreased from −255 mV to −416 mV over 600 min, probably due to the release of iron ions into the solution from the adjacent geopolymer pores. After 600 min and up to the end of the testing period (1100 min), the potential stabilized. According to the pH-potential diagram (Pourbaix diagram for the Fe/H2O system) specific to iron in aqueous solutions, and in the context of the alkaline environment provided by the geopolymer (reference supporting the alkalinity of geopolymers), this stabilization was likely due to the formation of an oxide/hydroxide layer on the reinforcement surface. According to the Pourbaix equilibrium diagram for the Fe/H2O system, there are three characteristic behavior domains of iron in aqueous media, depending on pH: the immunity domain (potential range approx. −1 V to −1.4 V), where iron does not corrode (is immune) across a wide pH range (−2 to 14); the active corrosion domain, where iron corrodes depending on pH, with a potential range from −1.4 V to 2 V, corresponding to the metal’s active domain; and the passivation domain, which matches the passive domain in the anodic polarization diagram, where corrosion products remain on the metal surface, slowing or preventing access of the corrosive medium. The potential for sample R6–2:1 stabilized after 200 min, moving from −475 mV to −489 mV. The observed potential shift consistently remained in more negative value ranges when compared to the other two samples. This behavior was also attributed to the alkalinity of the geopolymer layer adjacent to the reinforcement, which varies depending on the Na2SiO3:NaOH ratio of the alkaline activator. The passivation (oxide/hydroxide layer formation) of the R6–1:1 sample occurred much later—after 800 min. Despite a more significant potential drop for R6–1:2 (161 mV) compared to R6–1:1 (93 mV) and R6–2:1 (14 mV), the final passivation potential of R6–1:2 remained in a more noble (less negative) range than that of the other samples. This indicates its superior performance, reflecting the lowest thermodynamic tendency for corrosion.



For the geopolymer samples prepared with an 8 M NaOH, the passivation potential of R8–1:2 was recorded at −329 mV, less negative in absolute value than those of R8–1:1 (−478 mV) and R8–2:1 (−572 mV). The placement of the R8–1:2 potential diagram in the more “positive” zone (lower absolute values). The consistent placement of the R8–1:2 potential diagram within this more noble zone, coupled with stable potential values without abrupt variations, indicates superior performance. This holds true even though the potential drop to reach passivation was greater for R8–1:2 (150 mV) than for R8–1:1 (26 mV) and R8–2:1 (102 mV). These observations suggest that the corrosion product layer formed on R8–1:2 is more stable and provides enhanced protection compared to the other samples.



For the geopolymer samples prepared with a 10 M NaOH solution, the potential evolution for sample R10–1:2 showed that during the first 480 min after the start of measurement, the potential dropped from −436 mV to −490 mV—behavior corresponding to the release of iron ions into the solution from the geopolymer pores. This was followed by a passivation period, corresponding to the formation of a corrosion product layer, in the time interval 480 to 690 min, after which the potential remained relatively constant at –460 mV, indicating the stabilization of the phenomenon. Passivation of the R10–1:1 reinforcement occurred after 600 min, reaching a passivation potential of –463 mV, while for R10–2:1, passivation occurred after 1000 min, with a passivation potential of –522 mV. The highest potential drop was recorded for sample R10–2:1, with a value of 83 mV.



Overall, it can be concluded that for a given NaOH solution molarity, the samples prepared with a sodium silicate to sodium hydroxide (Na2SiO3:NaOH) ratio of 1:2 exhibited the most favorable thermodynamic behavior, as indicated by the evolution of the open circuit potential. Additionally, for the (Na2SiO3:NaOH) = 1:2 ratio, the potential evolution of sample R8 was better than that of sample R6, which in turn was better than that of sample R10.



The positioning of the open circuit potential values recorded for the samples with a Na2SiO3:NaOH ratio of 2:1 in the most negative range—both for R8–2:1 and R10–2:1 (Figure 12c,d)—while the R6–2:1 diagram is located in an intermediate zone (Figure 12), suggests insights when interpreted within the context of the pH–potential (Pourbaix) diagram for iron in aqueous solutions. This configuration may indicate that the corrosion products formed (potentially leading to a passivating layer) predominantly consisted of Fe(OH)2 or Fe2O3, as evidenced by the observed tendency toward linearization after a certain testing duration. Concurrently, sample R6–2:1, characterized by a less alkaline pH due to the use of a lower-concentration NaOH solution in the preparation of the alkaline activator, may achieve partial formation of a passivating layer. This was also supported by the numerous spikes at the end of the characteristic OCP diagram, which indicated successive formation–breakdown events of the corrosion product layer.



In addition to this unsatisfactory potentiostatic behavior of the samples characterized by a Na2SiO3:NaOH ratio of 2:1, the presence of efflorescence on the surface of sample R10–2:1 (Figure 11) was a defining factor that eliminates the feasibility of these compositional variants. Meanwhile, the behavior of the samples with Na2SiO3:NaOH ratios of 1:1 or 1:2 was encouraging—both due to the absence of efflorescence on the surface and the recording of open circuit potential values that fell within the negative range but with lower absolute values.



Regarding the kinetics of the corrosion phenomenon of steel reinforcement embedded in geopolymer under the action of chloride ions, the experimental results obtained through linear polarization, interpreted using the Tafel method, are presented in Table 5 and Figure 13a,d. Analyzing the potentiodynamic polarization tests of the samples studied, the following observations can be made:



Sample R6–1:2 exhibited a lower corrosion current compared to samples R6–1:1 and R6–2:1 (Figure 13b), and its anodic slope was also lower than that of the other samples. This indicates that the activation energy for corrosion was higher. Additionally, the polarization resistance of this sample was higher, likely due to the release of iron ions into the solution within the pores of the geopolymer, which, on one hand, shielded the reinforcement and, on the other hand, contributed to the formation of a layer of corrosion products deposited on the reinforcement.



Structural modifications within the geopolymer (GP) matrix arising from variations in NaOH solution molarity and the alkaline activator’s (AA) compositional ratio (NaOH/Na2SiO3) were found to reduce the corrosion rate by impeding charge transfer to the reinforcement surface. Additionally, the consistent morphology of the cathodic Tafel branch suggests that GP modifications generally do not alter the mechanism of cathodic corrosion reactions.



Analysis of the Tafel curve positioning revealed a distinct grouping of specimens prepared with a 6 M NaOH solution (Figure 13b) within the cathodic potential region. As the molarity of the NaOH solution increased to 8 M (Figure 13c), a noticeable anodic shift in the characteristic Tafel curves was observed. This finding supports the significant influence of NaOH molarity on corrosion kinetics. However, increasing the NaOH concentration to 10 M caused a tendency to shift back towards the cathodic zone (Figure 13d). This suggests that the kinetic behavior of the phenomenon cannot be predicted based solely on NaOH concentration, as other factors also influence it. Furthermore, these findings indicate that an optimal NaOH solution concentration for corrosion performance is around 8 M.



For the samples with an 8 M NaOH solution in the alkaline activator, low corrosion current densities were observed. Notably, sample R8–1:1 showed the lowest corrosion current density, accompanied by a shallower anodic slope compared to the other samples. This suggests a higher activation energy for corrosion, a relationship substantiated by principles of electrochemical kinetics, particularly the Arrhenius and Tafel equations. Furthermore, the significantly higher polarization resistance of this sample indicates a reduced corrosion rate for the embedded steel reinforcement.



The samples prepared with a 10 M NaOH solution generally exhibited high corrosion current densities. An exception was sample R10–2:1, which also demonstrated a high polarization resistance and, consequently, a favorable corrosion resistance. The anodic slope of sample R10–2:1 was lower than that of samples R10–1:1 and R10–1:2, indicating a superior potentiodynamic behavior and a reduced tendency to corrode.



Overall, except for sample R8–1:2, the other samples prepared using an 8 M NaOH solution exhibited shallower anodic slopes than those prepared with 6 M and 10 M NaOH solutions, indicating a higher activation energy for corrosion for the samples prepared with an 8 M NaOH solution. Among the studied samples, sample R8–1:1 stands out by having the lowest corrosion current density, the shallowest anodic slope, and the highest polarization resistance. Therefore, it can be considered that R8–1:1 exhibited the best potentiodynamic behavior and the highest corrosion resistance.



Analysis of the experimental results within the context of ASTM C867–91 indicators (Table 1 and Table 2) would classify the experimental outcomes in high corrosion risk/stage for reinforcement embedded in geopolymer binders exposed to an aggressive chloride environment. However, this corrosion risk was significantly reduced for the specimens made with geopolymer binder prepared using 8 M NaOH solution as the alkaline activator. For the reinforcement embedded in the R8–1:1 geopolymer, evaluating the corrosion current density (0.72 μA/cm2) revealed a change in classification from a high to a moderate corrosion stage. Even for R10–2:1, the corrosion current density value approached the threshold between high and moderate corrosion (1.1 μA/cm2 recorded vs. 1.0 μA/cm2 as the threshold value). However, this classification change could not be confirmed due to the presence of efflorescence on the surface of the samples, which disqualified this composition as a feasible variant. In the case of the samples made with geopolymer prepared using the 6 M NaOH solution, all kinetic indicators suggested a high corrosion stage for the embedded reinforcement.



This analysis emphasizes the critical importance of the precursors used in geopolymer preparation in determining the level of protection the binder can provide to embedded steel reinforcement under chloride attack. However, it is crucial to acknowledge that all experimental results were obtained under conditions involving a 24 h pre-immersion of the specimens in a 3.5% NaCl saline solution prior to testing. This experimental design inherently assumed a severe chloride attack, both through the selection of a high electrolyte concentration and the pre-testing immersion protocol.




3.3. The Corrosion Mechanism of Steel Reinforcement Embedded in Geopolymer Binder


The interpretation of electrochemical impedance spectroscopy (EIS) spectra and the identification of a satisfactory equivalent circuit depend on a good understanding of the corrosion phenomena occurring at the surface of the sample. In the case of steel reinforcement embedded in the nine variants of geopolymers, the EIS spectra, in Nyquist representation, are shown in Figure 14.



From the analysis of the Nyquist diagrams (Figure 14a–d) for the studied samples, it can be observed that the semi-circle area, which represents the period during which the reaction kinetics is slow, with the formation of a protective oxide layer, is missing. The fact that the graphs are primarily characterized by a straight line indicates a high reaction rate, characterized by mass transfer. It can be appreciated that, once the geopolymer was poured into the mold and the reinforcement was embedded, due to the high alkalinity of the geopolymer composition, a layer of bi-/trivalent iron hydroxide formed on the surface of the reinforcement, providing some anticorrosive protection to the reinforcement, according to the following chemical reactions:


Fe + 2NaOH → Fe(OH)2 + 2Na,



(4)






Fe + 3NaOH → Fe(OH)3 + 3Na.



(5)







Additionally, by immersing the system of embedded reinforcement–geopolymer in the NaCl saline solution, it can be appreciated that, from a chemical point of view, an attack occurs both on the geopolymer and on the reinforcement. The iron ions released from the surface of the reinforcement into the solution in the geopolymer pore, located at the reinforcement–geopolymer interface, react with the sodium chloride in the electrolyte and form iron chloride, which in turn reacts with sodium hydroxide to form iron hydroxide, which precipitates on the reinforcement, according to the following equations:


Fe + 2NaCl → FeCl2 + 2Na,



(6)






Fe + 3NaCl → FeCl3 + 3Na,



(7)






FeCl3 + 3 NaOH = 3 NaCl + Fe(OH)3↓,



(8)






FeCl2 + 2 NaOH = 2 NaCl + Fe(OH)2↓.



(9)







Specialized literature indicates that at high concentrations and ambient temperatures (15–30 °C), the penetration of chloride ions into the pores of the geopolymer is typically accompanied by the formation of calcium hydroxide (Ca(OH)2) and calcium oxychloride salts (3CaOCaCl2·15H2O; CaO·CaCl2·H2O, and CaCl2·6H2O) [89]. The film formed on the surface of the reinforcement is not an ideal and fully compact layer, and the presence of pores in the corrosion products influences the electrochemical response of the system at low frequencies [90,91]. As reported in the specialized literature and derived from the characteristics of Nyquist diagrams, the proposed equivalent electrical circuit model posits that the passive layer does not fully encapsulate the metal surface and, consequently, cannot be quantified as a homogeneous layer. This perspective is consistent with extant literature, which indicates that neither the active surfaces of solids nor the passive layers on metallic substrates exhibit ideal homogeneity [92,93,94,95,96,97]. Consequently, the observed behavior of the diagrams was interpreted as a deviation from the expected performance characteristics of an ideal capacitor. This phenomenon, known as frequency dispersion, has been attributed to 2D or 3D local inhomogeneities within the dielectric material, porosity, mass transport, and relaxation effects. Consequently, constant phase elements (CPEs) were utilized as capacitive elements in the proposed model. Additionally, the Nyquist EIS diagrams’ overall appearance might also be interpreted as evidence of diffusion-controlled processes (e.g., Warburg impedance). Future studies will examine this in detail, taking into account that the Warburg element is typically used to interpret Nyquist diagrams when diffusive transport is a significant factor in the electrochemical process being studied. The Warburg element effectively models the influence of diffusive mass transport of chemical species to or from the electrode surface. Its presence is usually indicated by a 45-degree oblique line in the low-frequency region of the Nyquist plot. In this case, the behavior of the steel reinforcement in a geopolymer binder suggests that the Warburg element may be relevant. This is because the electrochemical processes occurring are likely influenced by diffusive transport of species such as oxygen or ions toward the steel surface [98].



The equivalent circuit obtained using the Volta Master 4 Electrochemical Software and Z-View Software (version 3.4) for the electrochemical impedance spectra corresponding to the samples is shown in Figure 15, with the characteristic values presented in Table 6. The equivalent electrical circuit was determined to be consistent across all samples, indicating that the phenomenon is characterized by mass transfer. Figure 15b provides an illustrative example of the fitting process. Here, Rs represents the solution resistance, Rp represents the resistance of the oxide layer and the calcium oxychloride salts formed in the pores, Rox is the resistance induced by the presence of the "cloud" of iron ions released into the solution that screens the surface of the reinforcement (Figure 16), while CPE and CPEox are constant phase elements. CPE-T and CPEox-T have the dimensions of a capacitor whose plates are formed by the two surfaces of the oxide layer, respectively, from the iron ions near the reinforcement and the electrons left on the metal. The closer the CPE-P factor and CPEox-P are to unity, the more localized the electric charge is.



Using the relationship for the calculation of the capacitance of a parallel plate capacitor (C = ε0 * εr * S / d, where ε0 and εr are constants, S is the exposed surface area, and d is the thickness of the corrosion product layer dT, or the “cloud” of iron ions dTox), it can be qualitatively estimated that the thickness of the formed oxide layer and the “cloud” of released iron ions in the solution was inversely proportional to the capacitance (d~1/C). A qualitative estimate of the thickness of the corrosion product layer dT, respectively, the “cloud” of ions dTox, can be made in direct proportion to the values of the capacitive elements’ characteristic of the equivalent electrical circuits represented in Figure 16.



Based on the analysis of the circuit element values (Table 6) and Figure 14, Figure 15, Figure 16 and Figure 17, it is observed that although the corrosion current for samples R8 2:1 and R10 2:1 was low, this was attributed to the thickness of the “cloud” of iron ions that shielded the surface, thereby hindering the further release of iron ions. The thickness of the formed oxide layer was relatively small compared to the thickness of this iron ion cloud.



For the R6 samples (prepared using an alkaline activator based on NaOH solution with a molar concentration of 6 M), the thickness ratio of the oxide layer (dT) to the active zone layer (dTox), which reflects the extent of metal dissolution, was higher in the R6 1:2 sample. This indicates superior anticorrosive behavior in this sample.



Although the dT/dTox ratio was higher for sample R8 1:2, the resistance ratio of the oxide layer (Rp) to the active zone layer (Rox) was greater in sample R8 1:1. This suggests that the oxide layer in R8 1:1 was the most compact, and the metal dissolution zone was less electrochemically active compared to the other R8 samples (prepared using NaOH solution with a molar concentration of 8 M). Furthermore, preliminary research on geopolymer performance has indicated that the composition for sample R8–1:2 was among the most favorable for achieving a geopolymer with a highly homogeneous structure. This homogeneity facilitates uniform and consistently distributed geopolymerization reactions throughout the material mass, thereby significantly reducing the likelihood of unreacted material accumulating in isolated “islands.” The resultant structure was characterized by a compact morphology, accompanied by uniform porosity distribution. This porosity was further evidenced by its consistency across a range of physical and mechanical, chemical, and mineralogical indicators. This comprehensive homogeneity explains the observed variations in the recorded indicators for sample R8–1:2.



For all R10 samples (prepared with NaOH solution at 10 M), the dT/dTox ratio was below unity, and the Rp/Rox ratio was low, indicating that the oxide layer was porous and the metal dissolution zone exhibited high activity.



From the analysis of the equivalent circuit parameters for the studied samples, it can be concluded that the R8 1:1 sample exhibited the most compact and dense oxide layer, along with the lowest activity in the metal dissolution zone. Therefore, it demonstrated the best anticorrosive performance.




3.4. Analysis of the Geopolymer Reinforcement Interface After Experimental Testing Under Chloride-Induced Corrosive Conditions


Microscopic analysis of the geopolymer–steel reinforcement interface, following experimental testing using electrochemical methods, revealed, in accordance with the specialized literature [49], corrosion zones identified by the presence of corrosion products. These were observed as superficial and relatively continuous deposits, with few instances of localized (pitting) corrosion—typical of reinforcement corrosion in Portland cement-based concrete (Figure 18). As illustrated in Figure 18, the identification of corrosion products was accomplished through simple optical methodologies (i.e., microscopic evaluation), which were then corroborated by the theoretical aspects of iron corrosion. This approach enabled a qualitative assessment of the primary corrosion product while acknowledging the potential presence of other iron corrosion products.



The occurrence and extent of corrosion product zones were influenced by the characteristics of the geopolymer matrix. They were more pronounced in samples prepared using a 6 M NaOH solution and significantly reduced in those prepared with an 8 M NaOH solution.



From a durability standpoint, it can be suggested that geopolymer-reinforced systems offer a more advantageous alternative compared to traditional reinforced concrete. This hypothesis is based on a simple consideration: localized corrosion significantly reduces the cross-sectional area of the reinforcement in a specific region, creating a weak point within the structural element. In contrast, corrosion of equal total metal loss but distributed over a larger surface area results in a lesser reduction in cross-sectional area, thereby avoiding the formation of a pronounced weak spot. However, based on the results presented in this study, this hypothesis cannot be conclusively validated or invalidated. It has instead emerged throughout the experimental program as a consequence of microscopic observations and their correlation with the existing literature.





4. Conclusions


The aim of this study and its experimental program was to analyze the influence of the compositional design of the geopolymer binder—specifically, the Na2SiO3:NaOH ratio and the molar concentration of the NaOH solution used in preparing the alkaline activator—on the degree of protection it provides to embedded steel reinforcement under chloride-induced corrosion conditions.



A review of the scientific literature revealed numerous controversies and unresolved issues in the field, justifying the relevance of this research topic and highlighting its novelty and potential scientific contribution. However, due to the lack of direct porosity measurements for the geopolymer material, the research methodology was developed around two working hypotheses:



The compositional design of the geopolymer binder—Na2SiO3:NaOH ratio and NaOH solution molarity—influences the physical and mechanical characteristics of the geopolymer binder, which may serve as indirect indicators of porosity;



The porosity of the geopolymer matrix is a key factor influencing the level of corrosion protection it can provide to embedded steel reinforcement.



The experimental findings have demonstrated that geopolymer samples formulated with a Na2SiO3:NaOH ratio of 1:2 exhibit the highest apparent density. This density is further augmented with increasing NaOH molarity, suggesting that greater availability of NaOH promotes the formation of denser geopolymer matrices. This conclusion is substantiated by complementary analyses: microscopic examination revealed a reduction in pore size corresponding to increased NaOH concentration, while capillary water absorption tests indicated decreased water uptake. The latter signifies a reduction in open porosity and, consequently, enhanced resistance to chloride ion attack for embedded reinforcement. Furthermore, geopolymer binder formulation significantly impacted the mechanical performance, with a Na2SiO3:NaOH ratio of 1:2 consistently producing the highest tensile and compressive strengths. This is attributed to enhanced geopolymerization kinetics driven by increased NaOH availability, which in turn validates the initial hypothesis. Conversely, a 2:1 Na2SiO3:NaOH ratio was found to be unfavorable, notably evidenced by the formation of surface efflorescence.



Electrochemical analyses consistently demonstrated that geopolymer samples with a Na2SiO3:NaOH ratio of 1:2 exhibited the most favorable thermodynamic behavior, characterized by the lowest corrosion tendency; the R8 1:2 sample showed the optimal performance within this group. Kinetic investigations revealed that 8 M NaOH solutions yielded the most favorable corrosion kinetics, while 6 M NaOH solutions resulted in the least favorable, with observed current densities spanning from 0.72 to 102.7 µA/cm2. While the 1:2 ratio generally exhibited advantageous properties in terms of corrosion mechanisms, sample R8 1:1 demonstrated the highest oxide layer resistance, suggesting the presence of a denser and more compact protective layer. In contrast, 10 M NaOH samples were associated with porous oxide layers. A complementary microscopic examination of the geopolymer–reinforcement interface corroborated these findings, showing fewer and more uniformly distributed corrosion products in specimens prepared with a 1:2 Na2SiO3:NaOH ratio.



The correlation between the electrochemical and physical and mechanical experimental results indicates a partial consistency, suggesting that denser material structures generally correspond to diminished electrochemical corrosion indicators. This observation serves to validate the second working hypothesis, albeit with the important clarification that open porosity is not the sole determinant of corrosion resistance for embedded reinforcement in geopolymer matrices. It has been demonstrated that additional factors, such as the pH of the geopolymer matrix, which is directly influenced by raw material selection and binder compositional design, appear to significantly affect reinforcement behavior from initial embedding through the completion of geopolymerization reactions. This emphasizes a pivotal area for future research: the examination of reinforcement behavior from the initial contact with fresh geopolymer up to the complete geopolymerization process.
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Figure 1. Distribution of research publications on corrosion topics, based on the following search terms: “geopolymer corrosion”, “geopolymer”, “rebar corrosion”, and “concrete corrosion”. 
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Figure 2. Schematic representation of the experimental research methodology for the evaluation of the corrosion behavior of geopolymer-binder-embedded reinforcement. 
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Figure 3. Particle size distribution of fly ash. 
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Figure 4. Distribution density of fly ash. 
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Figure 5. Screenshot of XRD spectra for the fly ash powder [84]. 
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Figure 6. Schematic representation of the preparation of the alkali-activated geopolymer samples. 
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Figure 7. Graphical representation of the variation in apparent density as a function of NaOH molar concentration and Na2SiO3/NaOH ratio. 
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Figure 8. Optical microscopy images (4×) for geopolymer binder: (a) R6 1:2, (b) R8 1:2 and (c) R10: 1:2. 
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Figure 9. Graphical representation of the mechanical strength of the alkali-activated geopolymer samples: (a) flexural strength and (b) compressive strength. 
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Figure 10. Graphical representation of the capillary water absorption of the alkali-activated geopolymer samples. 
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Figure 11. Illustrative images of efflorescence formation on the surface of specimens prepared with alkaline activator Na2SiO3:NaOH = 2:1, R10 2:1: (a,b) prismatic samples; (c) microscopic assessment. 
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Figure 12. Open-circuit potential (OCP) evolution diagrams for all analyzed samples (a) showing the influence of the concentration of NaOH solution used for the preparation of the alkaline activator: (b) 6 M, (c) 8 M and (d) 10 M. 
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Figure 13. Linear polarization diagrams in Tafel interpretation for: (a) all samples; (b) samples prepared with a 6 M NaOH solution; (c) prepared with a 8 M NaOH solution; (d) prepared with a 10M NaOH solution. 
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Figure 14. EIS diagrams in Nyquist representation for: (a) all samples; (b) samples prepared with a 6 M NaOH solution; (c) prepared with a 8 M NaOH solution; (d) prepared with a 10M NaOH solution. 
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Figure 15. (a) Equivalent circuit for interpreting EIS plots corresponding to samples; (b) Example of the equivalent circuit fitting for the EIS data validation. 
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Figure 16. Schematic representation of the formation in the pores of the geopolymer at the interface with the reinforcement of the “cloud” of iron ions in the active zone of metal dissolution and the oxide layer in the adjacent zone. 
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Figure 17. The values of the capacitive elements in the equivalent electrical circuit corresponding to the corrosion product layer and the “cloud” of ions serve as qualitative indicators for assessing the thickness of the formed corrosion product layer and the extent of the iron ion “cloud” released into the pore solution of the geopolymer matrix. 
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Figure 18. Example of optical microscopy images of the appearance of the reinforcement or reinforcement–geopolymer interface area: (a) corrosion on R6 1:1 geopolymer after removal of the reinforcement; (b) corrosion on R6 1:1 geopolymer after removal of the reinforcement; (c) R8 2:1 geopolymer embedded reinforcement surface. 
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Table 1. ASTM C876-09 criteria for reinforcement corrosion risk, based on recorded corrosion potential [83].
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	Cu/CuSO4
	Ag/AgCl
	SHE
	SCE
	Corrosion Condition





	>−200 mV
	>−100 mV
	+120 mV
	>−80 mV
	Low (10% risk of corrosion)



	−200 to −350 mV
	−100 to −250 mV
	+1200 to −30 mV
	−80 to −230 mV
	Intermediate corrosion risk



	<−350 mV
	<−250 mV
	<−30 mV
	<−230 mV
	High (>90% risk of corrosion



	<−500 mV
	<−400 mV
	<−180 mV
	<−380 mV
	Severe corrosion










 





Table 2. Corrosion stage of steel reinforcement in concrete, according to ASTM C876-09 [83].
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	Corrosion Current [µA/cm2]
	Corrosion Rate [µm/year]
	Corrosion Stage of the Reinforcement





	<0.1
	<1.17
	Passive



	0.1–0.5
	1.17–5.85
	Low



	0.5–1.0
	5.85–11.7
	Moderate



	>1.0
	>11.7
	High










 





Table 3. Fly ash chemical composition.






Table 3. Fly ash chemical composition.





	
Oxide

Composition

(%)

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
SO3

	
Na2O

	
K2O

	
P2O5




	
46.94

	
23.83

	
10.08

	
10.72

	
2.63

	
0.45

	
0.62

	
1.65

	
0.25




	
TiO2

	
Cr2O3

	
Mn2O3

	
ZnO

	
SrO

	
CO2

	
L.O.I.

	
SiO2+Al2O3




	
0.92

	
0.02

	
0.06

	
0.02

	
0.03

	
-

	
2.11

	
70.77




	
R0.045

	
31.40











 





Table 4. Mix design ratio of the alkali-activated geopolymer samples.
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Geopolymer Mixture Code

	
R6 1:1

	
R6 1:2

	
R6 2:1

	
R8 1:1

	
R8 1:2

	
R8 2:1

	
R10 1:1

	
R10 1:2

	
R10 2:1




	
NaOH solution molar concentration (M)

	
6

	
8

	
10




	
Na2SiO3/NaOH ratio

	
1:1

	
1:2

	
2:1

	
1:1

	
1:2

	
2:1

	
1:1

	
1:2

	
2:1




	
Alkaline activator to fly ash ratio (mass)

	
0.95











 





Table 5. Indicators of the kinetics of the corrosion process under the action of chlorine ions for steel reinforcement embedded in geopolymer.
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	Sample
	E (i = 0)

(mV)
	Rp

(Ωcm2)
	icor

(μA/cm2)
	βa

(mV)
	βc

(mV)
	vcorr

(μm/Y)





	R6–1:1
	−928.3
	236.62
	101.2
	298.5
	−88.3
	1184



	R6–1:2
	−823.1
	467.73
	39.4
	259.9
	−67.0
	461.3



	R6–2:1
	−874.3
	220.97
	102.7
	267.5
	−87.0
	1201



	R8–1:1
	−484.8
	28700
	0.72
	110.9
	−117.9
	8.43



	R8–1:2
	−726.6
	5160
	4.2
	563.5
	−69.2
	46.6



	R8–2:1
	−565.1
	15070
	2.2
	143.5
	−151.7
	26.1



	R10–1:1
	−880.0
	348.21
	41.7
	175.8
	−55.4
	487.5



	R10–1:2
	−871.9
	804.71
	23.5
	310.7
	−65.7
	275.3



	R10–2:1
	−613.1
	21260
	1.1
	159.3
	−193.9
	12.9










 





Table 6. Circuit element values corresponding to the equivalent circuit.
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	Sample
	Rs (Ω)
	CPE-T (mF)
	CPE-P
	Rp (Ω)
	Rox (Ω)
	CPEox-T (mF)
	CPEox-P





	R6–1:1
	22
	428.3
	0.6599
	5500
	2000
	120
	0.2939



	R6–1:2
	29
	40.83
	0.5599
	9500
	2000
	120
	0.2939



	R6–2:1
	23
	83.83
	0.4599
	9500
	2000
	120
	0.2939



	R8–1:1
	64
	18.56
	0.5899
	8500
	200
	28.7
	0.5839



	R8–1:2
	53
	10.72
	0.6899
	12500
	1000
	890
	0.7839



	R8–2:1
	251
	17.56
	0.5899
	2500
	600
	3.7
	0.6839



	R10–1:1
	25
	85.83
	0.7599
	8800
	1800
	40
	0.5939



	R10–1:2
	105
	65.83
	0.7859
	8800
	1800
	40
	0.5939



	R10–2:1
	134
	9.75
	0.7899
	5500
	1400
	4.7
	0.5839







Rs—solution polarization resistance, Rp—polarization resistance of the armature, Rox—oxide layer polarization resistance CPE-T—dimension of the capacitor corresponding to the armature, CPE-P—characterization factor for the CPE, CPEox-T—dimension of the oxide layer formed, CPEox-P—characterization factor for the CPEox.
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