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Abstract

:

In this paper, the recent research progress on the corrosion of reinforced alkali-activated materials (AAMs) concrete structures is reviewed. The corrosion mechanisms induced by carbonation and chloride ingress in AAMs concrete are discussed, from the perspectives of composition, microstructure and pore solution chemistry, in comparison to ordinary Portland cement (OPC) concrete. The steel–alkali-activated concrete interface is a key to investigating corrosion initiation and propagation, which has different physical and chemical characteristics of the steel–concrete interface in OPC concrete. Moreover, the electrochemical process testing methods including half-cell potential and linear polarization resistance are critically discussed with a focus on what could be inherited from the OPC concrete and what criteria are no longer suitable for AAMs concrete due to underestimation in most cases. New data and theories are urgently needed for using AAMs in concrete structures to replace OPC. At the end of this paper, the research gaps and future research needs are summarised for the sake of widespread application of AAMs in concrete structures for sustainable and low-carbon construction.
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1. Introduction


Ordinary Portland cement (OPC) is the most consumed construction material worldwide due to its excellent performance, such as high mechanical strength especially in compression, high durability, good fire resistance, etc. However, OPC is a high carbon embodied material, emitting 7% of the global CO2 during its manufacturing process [1]. Furthermore, corrosion of the reinforcement in OPC concrete structures is a severe problem that reduces the service life of the structures. The annual cost for maintenance and replacement of deteriorated concrete structures in the U.S. is reported to be at least USD 8.3 billion [2].



In the last few decades, alkali-activated materials (AAMs) have attracted emerging interest from both the research and commercial perspectives, in light of sustainable development of construction materials [3,4,5]. It has been acknowledged that AAMs have significant potential to reduce CO2 emission in the construction sector [6] while exhibiting exceptional properties [7]. These materials, such as fly ash, slag and metakaolin, are normally produced from industrial wastes or by-products which also contribute to circular economy. These raw materials need to be chemically activated to yield strength with high-alkaline solutions, leading to better mechanical properties than OPC concretes [8,9,10,11]. Two categories of AAMs are usually used by researchers to distinguish the binder type and their related microstructures [3], namely, (1) high-calcium (slag) AAMs for which the microstructure is calcium aluminium silicate hydrate (C-A-S-H); (2) low-calcium (fly ash, metakaolin) AAMs for which the microstructure is sodium aluminosilicate hydrate (N-A-S-H).



Carbonation and chloride ingress are the main corrosion types for reinforced concrete structures. For the carbonation-induced corrosion, AAMs were reported more susceptible to CO2 attack than OPC concrete in an accelerated carbonation test within a high CO2 concentration environment [12,13,14,15]. The main reason is that AAMs’ pore solution does not contain or contains little calcium hydroxide (Ca(OH)2), which provides a buffer effect to delay the advancement of CO2 [12]. However, Bernal et al. [16] found the carbonation depth of AAS (alkali-activated slag) concrete, naturally exposed for seven years, is much lower than the value predicted from the accelerated carbonation test. Therefore, using the accelerated carbonation test may not be sufficiently accurate to describe the real carbonation behaviour of AAMs [13,17,18,19,20].



Chloride ingress-induced reinforced concrete corrosion, e.g., using deicing salt on reinforced concrete bridges, especially in a marine environment, is much more severe than the carbonation-induced corrosion because of low CO2 concentration in the natural environment [21,22]. Unlike low-carbonation resistance from the accelerated carbonation test, AAMs were reported to have better or comparable chloride ingress resistance [23,24,25]. Choi et al. [26] found that increasing the content of fly ash in OPC concrete would decrease the chloride penetration rate. Miranda et al. [27] found the passivity rate and degree of reinforcement in chloride-free AAFA (alkali-activated fly ash) mortars were similar to OPC mortars, which have comparable chloride resistance. Khan et al. [28] found that the hydrotalcite phase plays an important role in the chloride binding capability of AAS concrete.



The electrochemical experiments involving open-circuit potential (OCP), half-cell potential, linear polarization resistance and Tafel extrapolation are generally used to monitor the health condition of concrete structures [29]. In many cases, the half-cell potential values for AAMs were reported to be much lower than the OPC concrete [30,31,32,33], which means the determination criterion [34] may no longer be suitable for AAMs. Babaee and Castel [35] systemically studied chloride diffusion and threshold of AAMs (blended fly ash and slag) through their electrochemical experiments. They suggested re-defining the Tafel constant (B) value for 45~58 and 13~20 mV for active and passive specimens, respectively, to replace what has been used so far for OPC concrete, i.e., 26 and 52 mV, respectively [36]. Using the criterion designed for OPC may lead to considerable underestimation for corrosion in AAMs.



The passive layer at the steel surface has the ability to protect the steel reinforcement from corrosion but requires a stable and high-alkaline environment [37]. The corrosion mechanism at the steel–concrete interface is complex compared with OPC concrete; for instance, the sulphide products [31] and drying shrinkage [38,39], characteristics of the steel–concrete interface [32], have different effects on it. However, the study on the steel–concrete interface is very limited; the corrosion mechanism, including corrosion initiation, rust accumulation and expansion, in AAMs, remains unclear.



This paper aims to present a comprehensive and critical review of recent progress in understanding the corrosion mechanism of reinforced concrete structures, fully incorporated with alkali-activated materials. The durability of AAMs on the material level has been researched in a significant number of studies [3,8,9,40], but the corrosion behaviour on the structural level when working with steel reinforcement warrants urgent research. We will review carbonation and chloride ingress-caused corrosion in AAM concrete structures, focusing on the characteristics of steel–concrete interface and the electrochemical reaction process and measurement. In the end, we will propose the research gaps, to our best knowledge, for future research to fully depict the structural durability of AAM concretes.




2. Carbonation and Chloride Ingress


2.1. Composition and Microstructure


The composition of raw materials determines the characteristics of AAMs. A comparison among key compositions of fly ash, slag and OPC from different locations is presented in Table 1. It can be observed that fly ash has two classes, namely, Class F and Class C [41]. There is a slight difference in the composition of raw material of slag [23,35]. To distinguish the class of fly ash, Class C fly ash has over 20% CaO (calcium oxide) content in the composition of raw material; otherwise, it is Class F fly ash according to ASTM C618 [42]. Currently, most literature focuses on low-calcium fly ash (i.e., class F) in the research of AAM corrosion mechanisms. To compare these three raw materials (fly ash, slag and OPC), fly ash has the highest content of silicon oxide (SiO2), which is almost two and three times that of slag and OPC, respectively. Furthermore, the content of aluminium oxide (Al2O3) in fly ash is also higher than the other two materials. In contrast to these two compositions, both slag and OPC are richer in CaO, magnesium oxide (MgO) and sulphur oxide (SO3) than class F fly ash, although the content of the last two compositions is greatly lower than CaO.



The composition difference of raw materials and the activation method, which uses a strong alkaline (NaOH or KOH) solution combined with the water glass (Na2SiO3) solution, cause a different microstructure between AAMs and OPC concrete. The hydration product of OPC concrete is already well studied, which is known as calcium silicate hydrate (C-S-H) and calcium hydroxide (CH) [43]. However, AAMs have two microstructure types [3], i.e., the high-calcium type (slag), C-A-S-H; the low-calcium type (class F fly ash), N-A-S-H. The 2D schematic among these three microstructures is shown in Figure 1.



In Figure 1, it can be seen that C-S-H and C-A-S-H have the similar microstructure except that silicate tetrahedra in C-A-S-H is partially replaced by aluminium tetrahedra [44]. This is consistent with slag and OPC having similar compositions in raw materials, as shown in Table 1. According to García-Lodeiro et al. [45], the monomer N-A-S-H is more likely a circle shape and the silicate tetrahedron is also partially replaced by the aluminium tetrahedron. From Provis et al. [46], the C-A-S-H has more tortuosity and denser pore structures than the other two, while N-A-S-H is the more porous microstructure. In addition, the curing environment, i.e., curing temperature, affects the formation of microstructure, hence the compressive strength, as shown in Figure 2. It can be observed that the peak compressive strength is at 75 °C and the trend is that the compressive strength first increases with temperature and then decreases. Enhancing the temperature promotes the formation of AAM’s microstructure but very high temperature inhibits it and causes moisture vapor to escape from concrete, affecting the reaction environment of concrete paste [47,48]. Moreover, the compressive strength increases with curing time, increasing under the same temperature, as demonstrated in Figure 2. Fang et al. [49] investigated the effect of different parameters such as curing time on the engineering properties of AAS. They concluded that continuous curing after 28 days can significantly improve the engineering properties of AAS. Additional to compressive strength, AAMs with curing at elevated temperature could reduce the volume of voids and the average pore size, which decreases the permeability of AAMs [50,51,52,53].




2.2. Carbonation


By decreasing the concrete pH through dissolved carbon dioxide (CO2), carbonation is one of the main corrosion mechanisms of concrete, which leads to the reinforcement passive layer depassivation and the initiation of corrosion. AAMs have less carbonation resistance than OPC concrete regarding the end product [12,54]. The reason is that AAMs do not contain or contain little portlandite [55] in pore solutions. The portlandite provides a buffer effect [12,56] that delays the advancement of CO2 and maintains a stable and high alkalinity environment for steel passivation. However, the alkalinity of AAMs depends on the concentration of the activated solution that is used [54]. Once the alkali of pore solutions is consumed by the dissolved CO2, AAMs can no longer maintain a high alkaline environment that maintains steel passivation [57].



Due to this characteristic, AAMs are more susceptible to CO2 deterioration than OPC concrete. Aperador et al. [12] found AAS has the lower carbonation resistance than OPC concrete at 3% CO2 concentration. Bernal et al. [54] also concluded that AAMs show a more rapid carbonation rate than OPC concrete under 3% CO2. Bernal et al. [18] studied the effect of RH (relative humidity) and the concentration of CO2 on the carbonation behaviour of AAMs. The partially saturated moisture condition could accelerate the carbonation rate while the saturated moisture condition could decrease the carbonation rate [58,59,60]. Furthermore, they suggested that 1% CO2 should be used for accelerated carbonation other than higher concentration CO2 [13]. Babaee et al. [19] studied the carbonation behaviour of blended fly ash and slag AAMs at 1% CO2 concentration for 500 days. They noticed the formation of bicarbonates was greater than carbonates at high CO2 concentration that decreased the pH below 10, which was also consistent with findings in [17]. This can be attributed to the equilibria system of natron/nahcolite (carbonates/bicarbonates), i.e., NaCO3–NaHCO3–H2O [24] in pore solutions:


    CO  3  2 −   +      H   2   O    ⇌      HCO   3 −  +   OH  −   



(1)







However, the detailed transformation relation between carbonates and bicarbonates in AAMs remains unclear. A general trend is shown in Figure 3. It can be observed that increasing the CO2 concentration leads to natron decrease and nahcolite increase. The natron phase can maintain concrete pH over 10 while the nahcolite phase can cause pH to rapidly drop [19,24].



In the natural carbonation environment, the CO2 concentration is about 0.03% [12]; therefore, natron plays the dominant role. Xu et al. [61] characterised 35-year-old slag-based AAMs under natural exposure; the concrete remained sound and the strength increased. Bernal et al. [16] researched the properties of AAS that was exposed to the natural environment for 7 years. The carbonation depth of 400 kg/m3 AAS concrete after 7 years was about 17 mm while the predicted value from the accelerated carbonation test under 1% CO2 environment was 20.83 mm. Pasupathy et al. [62] characterised 8-year AAMs (blended of slag and fly ash) that were exposed to the natural environment, noticing that the low Ca/Si ratio led to low carbonation resistance comparable to OPC concrete.



It is also noted the chemical composition of raw materials and pore solutions also affect the carbonation resistance of AAMs. Increasing MgO content in the AAS mixture helps form the hydrotalcite-like phase that is a layered double hydroxide (LDH) structure in AAS paste, which has the ability to decrease the carbonation rate [21,63,64]. The dosage of alkali solution and silicate modulus to be used also plays an important role in carbonation resistance of AAS [65]; increasing both promotes dissolution of slag grains and porosity reduction. However, a very high dosage of alkali solution increases the risk of efflorescence of AAMs [19].




2.3. Chloride Penetration


In many cases, unlike the carbonation cases that AAMs have low carbonation resistance, AAMs were reported to have better or comparable chloride resistance to OPC concrete, as shown in Figure 4. In Figure 4, AAMs have the lowest chloride penetration depth at both 28- and 90-day curing, especially the 100% slag AAMs. The next is blended slag/fly ash with a binder ratio of 75%/25%. The AAM sample with the ratio of 50%/50% has a slightly greater chloride penetration depth than the other two at 28-day curing, but is lower after 90 days. The OPC has the highest chloride penetration depth for both 28 days and 90 days.



For the high-calcium AAMs, Bouteiller et al. [23] found the slag-dominated concrete (blended OPC and slag) has better chloride resistance than OPC concrete alone, which was mainly achieved by the tortuosity and dense microstructure of C-A-S-H. Criado and Provis [31] assessed the corrosion behaviour of reinforcement embedded in AAS mortars under 9-month exposure to a chloride-rich environment, and found the AAS mortar has higher chloride resistance than OPC mortar. Babaee and Castel [67] found an increase of slag content over 50% in blended slag and fly-ash AAMs mortar would efficiently decrease the chloride diffusion coefficient compared to AAFA mortar.



Focusing on the secondary binder phases in AAMs, the form of AFm phase and the hydrotalcite-like phase [68,69,70] in high-calcium AAMs all contribute to chloride binding capacity. These mineral phases delay the penetration of chloride ions in addition to the mechanism provided by the C-A-S-H microstructure. For these phases, the Al2O3 and MgO play an important role, i.e., (1) the amount of hydrotalcite-like phase increases with the increase of MgO content (high Mg/Al ratio), which results in restraining Al incorporation in C-A-S-H [69]; (2) contrary to MgO, increasing Al2O3 content (low Mg/Al ratio) promotes the formation of C-A-S-H and AFm phases, decreasing the hydrotalcite-like phase [71].



For the low-calcium AAMs, e.g., the class F fly ash, Miranda et al. [27] stated the reinforcement embedded in AAFA mortar has similar passivation behaviour to OPC mortar. Kupwade-Patil and Allouche [72] examined the chloride-induced corrosion of reinforcement embedded in AAFA concrete. AAFA concrete has a lower diffusion coefficient and less corrosion product than OPC concrete after a 12-month cyclic wetting and drying chloride corrosion test. Monticelli et al. [73] found the AAFA mortar has a slightly higher protectiveness for embedded reinforcement than OPC mortar when chloride ingress into mortars, even though AAFA mortar has more porosity. As noted in Section 2.2, the characteristic that is more susceptible to carbonation of AAFA leads to the alkalinity of AAFA decrease, which causes depassivation of embedded steel. Therefore, the lower protectiveness to carbonation for embedded steel was afforded by AAFA [74]. Noushini et al. [75] found a more homogenous matrix formed in AAFA concrete, which was achieved by increasing temperature; however, AAFA concrete has lower chloride resistance compared to OPC concrete. This may be due to the polycondensation [76] of AAMs that leads to increased microcracks, which accelerates the ingress of chloride ions.



For the blended high- and low-calcium AAMs, the properties of end products depend on the dominant precursor materials. Babaee and Castel [67] studied the chloride diffusivity, chloride threshold, and corrosion imitation of blended fly ash and GGBS (granulated blast-furnace slag) with the ratios 75%/25%, 50%/50% and 25%/75%. Increasing the GGBS content decreases the chloride permeability and diffusivity due to the formation of C-A-S-H, which is consistent with [66]. In addition, they found the higher alkali concentration will inhibit the dissolution of calcium content by the calcium hydroxide layer formed around slag particles, which increases the porosity of the matrix paste. Furthermore, the higher alkali concentration may lead to the risk of leaching in the matrix pastes [77].




2.4. Combined Corrosion Process of Carbonation and Chloride Ingress


As discussed, carbonation and chloride ingress can each induce corrosion of AAM structures. In some applications, however, these two mechanisms can work together, which might intensify the corrosion extent. In recent years, the combined effect of carbonation and chloride ingress on AAMs has attracted research effort. In some literature [28,78,79,80,81], the effect of carbonation on the chloride binding capacity of AAMs concrete or OPC concrete blended with AAMs was investigated, and it was found carbonation decreased the chloride binding capacity. In other words, carbonation of AAMs concrete will accelerate and deepen the chloride penetration of concrete.



Chang [78] investigated the chloride binding capacity of cement paste that blended OPC and AAMs, under three conditions: (1) sample suffered carbonation first and then immersed in chloride solution, (2) sample immersed in chloride solution and then suffered carbonation and (3) 3.5% NaCl solution was added to sample during the cast and then suffered carbonation. The sample under condition (3) had a higher bound chloride content because more Friedel’s salt was formed than the other two conditions during the carbonation. The binding capacity under three conditions was zero after the samples were fully carbonated. Khan et al. [28] investigated the role of hydrotalcite in AAS concrete and they found that the hydrotalcite played a significant role in the chloride binding capacity of AAS concrete, and it was almost without impairment under the competition adsorption of carbonates. Although the hydrotalcite does not impair by carbonates, the presence of carbonates decreases its chloride binding capacity because carbonates occupy the middle layer of the LDH structure [79]. Shi et al. [57] investigated the long-term corrosion resistance performance of AAS mortar and OPC mortar under a marine environment. They found macrocracks were induced due to drying shrinkage of AAS mortar after long-term atmospheric exposure under a marine environment, which would accelerate the corrosion process and yield lower corrosion resistance than OPC mortar.



However, most cases discussed above used a high CO2 concentration to accelerate the carbonation process, which was unreliable to predict the real service life under combined natural carbonation and chloride ingress of AAMs. Due to limited data, the long-term performance of AAMs at the structural level that suffers natural carbonation and chloride ingress is very unclear.





3. Steel–AAM Concrete Interface


For the purpose of using AAMs in practice, understanding the corrosion mechanism at the steel–concrete/mortar interface of AAMs is important, which helps to predict the service life of AAM structures. Shi et al. [82] investigated the chloride-induced corrosion behaviour of novel alloy steel and low-carbon steel in OPC and AAS mortars. They found a less protective passive layer was formed on both types of steel in AAS mortars; however, compared to OPC mortars, a denser and compact interfacial zone was formed at the steel–mortar interface. Through extracted solutions that were from OPC and AAS, which were used for studying the passivation behaviour and chloride corrosion resistance of steel, Shi et al. [82] found low-carbon steel in AAS samples had higher chloride resistance than in OPC samples. It may be due to the gel-like substance that was formed on the steel surface. However, an opposite phenomenon to low-carbon steel in [83], which was the corrosion of 2304 duplex stainless steel, was higher in AAS mortar than OPC mortar due to the formation of an unstable passive layer, as shown in [84]. The type of steel and its properties [85] may have a different effect on corrosion mechanisms in AAS mortars. Chen et al. [86] characterised the composition of the passive layer on the steel surface through simulated pore solution of AAFA. A bilayer structure of iron (FeOOH-rich outer layer and FeO-rich inner layer) and a firm layer of the zeolite-like structure were formed on the steel surface. This is consistent with [32]; the outer layer (FeOOH) plays an important role in the aspect of initiation of pitting corrosion, and needs further investigation. In addition, Mundra et al. [32] suggested using    [    Cl  −   ]  /   [   OH  −  ]  3    to define the critical chloride for the initiation of pitting corrosion on the outer passive film layer.



You et al. [87] examined the corrosion behaviour of low-carbon steel reinforcement embedded in different AAMs mortars (the AAS and the alkali-activated slag–steel slag) under a simulated marine environment considering atmospheric zone, tidal zone and submerged zone. Higher deformation of AAMs and more cracks at the steel–mortar interface under a simulated tidal zone were observed after the exposure for 480 days. Furthermore, they found the corrosion mechanism of embedded steel in AAMs is different from OPC mortars, i.e., the typical pitting corrosion cannot be observed in AAMs. Furthermore, a loose interface at the steel–mortar interface of AAMs is observed [87]. This interface is related to the double action of sulphide content in AAMs that consumes oxygen at the steel–mortar interface and reacted with sulphide products on the steel interface [88], which inhibits the formation of the passive layer. Mangat et al. [89] investigated the durability of AAS concrete and OPC concrete under the aggressive environment for up to 1750 days; they found the     SO  3  2 −     content at the steel-AAS concrete interface is up to 80% higher than OPC concrete. However, the corrosion resistance mechanism of this sulphide film on the steel surface remains unclear.




4. Electrochemical Measurement


4.1. Half-Cell Potential


Half-cell potential is the most commonly used electrochemical measurement for monitoring the corrosion state or potential of the reinforced concrete structures. This technique rapidly and nondestructively detects and locates the localised corrosion of reinforced concrete structures [90]. Using this method, the rebar acts as the working electrode (WE) together with a suitable reference electrode (RE), such as a copper/copper sulphide electrode (CSE) [91], a saturated calomel electrode (SCE) [35] or a silver/silver chloride electrode (Ag/AgCl) that is filled with different concentrations of potassium chloride (KCl), e.g., 3 M KCl [31], as shown in Figure 5. The corrosion potential (Ecorr) map of concrete can be drawn from the measured data, which is then used to find the localised corrosion [92].



Table 2 lists the determination criteria for the corrosion probability of steel embedded in concrete, based on the reference electrode above, according to ASTM C876 [34].



Commonly, the determination criterion was reported as not suitable for AAMs because more negative values (Ecorr) compared with OPC concrete were found for the corrosion initiation, which indicated a 90% probability of corrosion. However, the rebar after extraction showed no evidence of corrosion [30,91]. Table 3 lists recent studies on the half-cell potential of AAMs based on different precursor materials.



It can be observed from Table 3 that the half-cell potential value from chloride-contaminated samples is generally more negative, which means all samples suffer severe corrosion risk according to Table 2. However, there is no evidence of pits or corrosion products that can be visually observed on rebars [30,93] except for samples in [94]. The difference of the distinct behaviour is attributed to the precursor materials in the former—slag in raw materials, which forms a dense microstructure and hydrotalcite-like phase. The latter uses low-calcium fly ash as the precursor material, of which the microstructure is more porous and has less chloride binding capacity concerning the end product. The negative value of the former may be due to the oxidation reaction of sulphide supplied by slag [93], while the latter is probably due to the chloride enrichment in the steel–AAM interface. For samples not contaminated by chloride, the half-cell potential values fall into two risk categories: one is linked to the severe corrosion risk category [33,35,73] and others belong to the intermediate corrosion condition [27,30,93,94,95]. The pre-dried environment [35] and low relative humidity curing environment [73] enhances the capillary suction and the diffusion effect in concrete pore structures that increase the rate of chloride ingress into concrete; too high a concentration of chloride salts, i.e., samples immersed in 5% sodium chloride solution [33], leads to a concentration gradient growth that increases the rate of chloride ingress into concrete.



In summary, the chloride contaminated during AAMs concrete cast in, and pretreatment environment and curing conditions (i.e., pre-dried, low relative humidity curing), etc., leads to the half-cell potential values of concrete that are listed in the severe corrosion risk zone (Table 2). However, it does not mean the concrete will suffer corrosion; therefore, the determination criteria of corrosion from OPC concrete may not be suitable for AAMs.
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Table 3. Half-cell potential of AAMs [27,30,31,33,35,73,94,95,96].






Table 3. Half-cell potential of AAMs [27,30,31,33,35,73,94,95,96].





	
Reference

	
Material

	
Half-Cell Potential (Ecorr)




	
Chloride Contaminated Sample

	
Non-Chloride Contaminated

Sample






	
[95]

	
OPC + Metakaolin

	
N/A

	
Around −300 mVSCE




	
[27]

	
Fly ash

	
Around −600 mVSCE

	
−150 mVSCE to −200 mVSCE




	
[73]

	
Fly ash

	
N/A

	
−550 mVSCE to −600 mVSCE




	
[35]

	
Fly ash + Slag

	
N/A

	
−550 mVSCE to −650 mVSCE




	
[30]

	
Fly ash + Slag

	
−600 mVSCE to −700 mVSCE

	
−200 mVSCE to −400 mVSCE




	
[31]

	
Slag

	
Around −650 mVAgCl

	
Around −100 mVAgCl




	
[94]

	
Fly ash

	
−400 mVCSE to −600 mVCSE

	
Around −150 mVCSE




	
[33]

	
Natural pozzolan

	
N/A

	
−300 mVSCE to −600 mVSCE




	
[96]

	
Slag + Palm oil fuel ash + Rice husk ash

Slag + fly ash +Rice husk ash

	
N/A

	
−230 mVCSE to −500 mVCSE










4.2. Linear Polarization Resistance and Tafel Polarization


Linear polarization resistance (LPR) is a rapid and nondestructive technique for monitoring the corrosion rate of reinforced concrete. It generally uses a potentiostat with a three-electrode system: rebar acts as the WE, a counter electrode (CE) such as titanium mesh, and both are combined with a RE, as shown in Figure 6.



From this technique, the slope (polarization resistance Rp) of the polarization curve can be obtained from a potential–current plot, i.e.,


   R P  =    (    ∆ E   ∆ i    )    ∆ E ⟶ 0    



(2)




where i is current density and ∆E is the corrosion potential difference that is obtained from the open-circuit potential method [29]. Then, combining with the Tafel extrapolation method [97], the corrosion current density icorr is obtained from Tafel constant B and Rp,


   i  corr     =  B   R p     



(3)






   B    =    b a   b c    2.303  (   b a  +  b c   )     



(4)




where ba and bc is the anodic and cathodic Tafel slope, respectively. Based on large experimental data, the empirical value of Tafel constant B for OPC concrete is 52 and 26 mV for passive and active samples, respectively [98]. However, these two values are affected by different parameters [35,99,100,101,102], for example, the conductivity of electrolyte, which depends on the saturation and various ions in pore solution.



For AAMs, the empirical value from OPC concrete may no longer be suitable because the composition and pore solution chemistry are different from OPC concrete. Babaee and Castel [35] calculated Tafel constant B values for blended fly ash and slag AAMs concrete and found they were 13~20 mV for passive samples and 45~58 mV for active samples. They stated that using the empirical value may underestimate the corrosion rate. However, there were different findings on Tafel constant B for active samples—the Tafel constant B was not listed in this interval [20,103,104]. A comparison of Tafel constant B values is shown in Table 4. Robayo-Salazar et al. [20] investigated the corrosion performance of blended natural pozzolans and slag AAMs concrete under 1% CO2 for 360 days. They found Tafel constant B values for the passive sample was 19.9 mV (sample at 0 days) and the active sample was 16.8 mV (sample at 360 days). Aguirre-Guerrero et al. [104] investigated the corrosion performance of blended natural pozzolan and slag AAMs concrete samples that were exposed to chlorides. From 600 days of wet–dry cycles and 3.5% saltwater immersion, they found the Tafel constant B was 20 mV at 0 days and 17 mV at 600 days. Valencia-Saavedra et al. [103] studied the carbonation behaviour of blended fly ash and slag concrete and fly ash and OPC concrete under 1% CO2. They found the Tafel constant B value for active samples calculated from the test results were much smaller than the values in [35], as shown in Table 4.



From Table 4, it can be seen that the Tafel constant B values of AAMs concrete are obviously different from OPC concrete. The B values of passive samples remained consistent around 20 mV except for blended fly ash and OPC concrete. In contrast to passive samples, B values for active samples are controversial; the values from [35] are much larger than others [20,98,103,104]. However, it is difficult to judge based on existing datasets; more research is definitely needed. Therefore, we believe this topic is still open for discussion.





5. Research Gaps


Alkali-activated concrete structures underperform in the accelerated carbonation environment. However, the natural carbonation environment yields higher corrosion resistance for alkali-activated concretes. Therefore, the results from the accelerated carbonation tests would need to be adjusted before they can be used. Using a high concentration of carbon dioxide (i.e., over 1%) will return different results than the natural carbonation. Portlandite content is a key in delaying carbonation, which provides a buffer effect for the ingress of CO2. The chloride resistance mainly depends on the tortuosity and fine pores of C-A-S-H or N-A-S-H, which are affected by the precursor material compositions, binder ratios, concentration of the activation solution, etc. The effect of each parameter has been well understood; however, how are carbonation and chloride ingress affected or controlled in a systematic manner? In other words, how these parameters may work together to affect the long-term performance and, in particular, the corrosion resistance on the structural level, is remains unclear.



The corrosion mechanism on the steel–concrete interface of AAMs is not yet well understood. The passivation degree affects the corrosion resistance of the embedded rebar; however, the reduction effect of sulphide species of precursor material will partially consume the oxygen content at the steel–concrete interface, which leads to the low degree of passivation. In addition, the thickness of the steel–concrete interface of AAMs is reported to be less than OPC concrete. Therefore, once corrosion is initiated, will the accumulation of corrosion products and the time for the concrete cover to crack be different for OPC or likely faster? The evolution of corrosion and subsequent cracking is not yet known and needs further study.



Half-cell potential and linear polarization resistance methods are commonly used either on-site or in the laboratory to test the corrosion extent or rate of the concrete structures. The difference in the composition of precursor materials and the activation method leads to the unique properties of alkali-activated concrete. Previously oven-dried samples or additional chlorides, used to accelerate the corrosion process, generally cause more negative half-cell potentials. For samples that do not contain chloride and for exposure to a non-chloride environment, the half-cell potential value is generally stable [31,91]. Furthermore, the Tafel constant and Tafel slope of the alkali-activated concrete are different from the OPC concrete and hence, the guidance values and corrosion thresholds for OPC concrete are no longer suitable. New data and criteria are needed in this regard.




6. Conclusions


In this paper, the corrosion mechanisms for reinforced alkali-activated concrete structures were reviewed. The differences for carbonation and chloride ingress in the alkali-activated concrete, in comparison to OPC, were first discussed. The steel–alkali-activated concrete interface was then focused on and discussed concerning its physical and chemical characteristics. The difference in measuring the corrosion potential and corrosion rates for this new material with reference to OPC concrete was also reviewed. Research gaps and future research needs were finally proposed. The following presents some specific concluding remarks:




	
AAMs exhibit a good chloride resistance property but poorer carbonation resistance, in comparison with OPC. The mechanisms are well understood, especially on the material level, e.g., chloride binding, CH reaction with CO2, formation of new microstructure, etc. However, the long-term performance of the alkali-activated concrete structure under the combined carbonation and chloride ingress, and the underlying mechanism for the combined effect, need to be investigated.



	
The interfacial properties of alkali-activated concrete are different from OPC concrete, including the physical and chemical aspects. This results in different corrosion accumulation and evolution. This is much less clear than the carbonation and chloride ingress and warrants further research.



	
The current criteria for judging corrosion potential and measuring corrosion rates for OPC concrete cannot be directly used for the alkali-activated concrete structures. In some cases, the results are even controversial. To avoid inaccurate determination of corrosion state, new methods, perhaps, and new experimental data are urgently needed for application to alkali-activated concrete structures.



	
In the context of a carbon neutral or net zero target in most countries, using alkali-activated waste materials to fully or partially replace the ordinary concrete seems a promising approach. In terms of known properties and mechanisms, the alkali-activated concrete structures may well be used in various infrastructure applications, including high corrosive marine environments.
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Figure 1. Two-dimensional schematic of C-S-H, C-A-S-H and N-A-S-H. 
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Figure 2. The evolution of compressive strength of alkali-activated class C fly ash with temperature, reprinted from ref. [9]. 
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Figure 3. The trend of natron and nahcolite with increasing CO2 concentration, reprinted from ref. [17]. 
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Figure 4. Maximum chloride penetration depth after curing for 28 and 90 days as a function of slag/fly-ash ratio, reprinted from ref. [66]. 
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Figure 5. Half-cell potential method. 
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Figure 6. Linear polarization resistance system. 
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Table 1. The key contents (wt.%) of FA, SA and OPC, reprinted from refs. [23,35,41].
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Class F Fly Ash (wt.%)

	
Class C Fly Ash (wt.%)

	
Slag (wt.%)

	
OPC (wt.%)




	
Source

	
Babaee and Castel [35]

	
Shi et al. [41]

	
Babaee and Castel [35]

	
Bouteiller et al. [23]

	
Bouteiller et al. [23]






	
SiO2

	
66.56

	
42.46

	
31.52

	
27.6

	
20.6




	
Al2O3

	
22.47

	
19.46

	
12.22

	
8.6

	
4.9




	
CaO

	
1.64

	
21.54

	
44.53

	
50.10

	
61.3




	
MgO

	
0.65

	
4.67

	
4.62

	
5.7

	
4.5




	
SO3

	
0.10

	
1.20

	
3.24

	
3.15

	
3.10
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Table 2. The half-cell potential and related corrosion risk of steel embedded in concrete [34].
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	(mV vs. CSE)
	(mV vs. SCE)
	(mV vs. Ag/AgCl, 3 M KCL)
	Corrosion Probability





	Ecorr > −200
	Ecorr > −127
	Ecorr > −96
	Low probability (10% corrosion risk)



	−200 < Ecorr < −350
	−127 < Ecorr < −277
	−96 < Ecorr < −246
	Intermediate condition



	Ecorr < −350
	Ecorr < −277
	Ecorr < −246
	High probability (90% corrosion risk)
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Table 4. Comparison of Tafel constant value between OPC and AAMs [20,35,98,103,104].
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	Concrete Type
	Passive Samples (mV)
	Active Samples (mV)





	Empirical value (OPC) [98]
	52
	26



	Fly ash + Slag [35]
	13~20
	45~58



	Natural pozzolans + Slag [20]
	19.9
	16.8



	Natural pozzolans + Slag [104]
	20
	17



	Fly ash + OPC [103]
	27.2
	15.3



	Fly ash + Slag [103]
	24
	18.4
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