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Corrosion of steel reinforced concrete by the chloride-induced is the most common types of 

degradation in the building and construction industry. Here, the corrosion behavior of Chromium (Cr)-

modified low-carbon and low-alloy steel rebars exposed to simulated concrete pore solution (SCPS) 

with different chloride content were studied by the electrochemical impedance spectroscopy (EIS) 

technique. EIS results indicate that Cr-modified low-alloy steel reveal a higher corrosion protection 

with a high level of threshold chloride in SCPS and higher impedance than the low-carbon steel. The 

double-layer capacitance values were reduced as pH value gradually increased, which indicates that the 

thickness of the passive layer was enhanced, resulting in an increase in the protective capacity. 

Scanning electron microscopy investigation confirmed the results attained by EIS measurement. The 

findings show that low-alloy steel indicates higher resistance of pitting corrosion because of the 

formation of Cr-enriched stable and protective rust layer. 
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1. INTRODUCTION 

Premature degradation of reinforced concrete causing caused by immersion in aggressive 

environment is a serious challenge that contractors, designers and engineers are facing [1-3]. Marine 

environments and the widespread use of de-icing salts may cause the passive layer to rupture, allowing 

the surface of steel to act as coupled cathodic and anodic reaction cell that accompanies corrosion 

processes [4, 5]. Chloride-induced corrosion of reinforced concretes have been considered under 

different conditions in recent decades, typically about the value of chloride threshold (VCT) [6, 7]. 

VCT was introduced as the chloride content related to the depassivation of the rebar in non-carbonated 

alkaline concrete [8, 9] which only studied the early stage of corrosion. However, VCT states to 

chloride content, which causes visible damage in reinforced concrete structures [10, 11]. Much effort 

had been made to determine the VCT of reinforced concrete, but the values attained vary considerably. 
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This can be associated to many factors. The external environment is the first factor such as outdoor, 

with constant laboratory conditions, its relative humidity and variable temperature. The second factor 

is the test environment such as concrete, mortar or simulated pore solution [12-14]. The third and 

fourth cases are related to the surface condition of rebars and the measurement methods [15, 16]. The 

major factors in VCT have been recognized as the pH of the pores concrete solution, chemical 

composition of steel rebars, temperature and their electrochemical potential of steel [17-19]. 

However, it is commonly recognized that a good passive effect plays an important role in the 

corrosion protection of steel alloys in concrete [20, 21]. Little research so far has been done on the 

effect of passive layer on corrosion protection caused by chloride ions in low-alloy steel rebars. 

Therefore, in this study, the effect of chloride content, pH value of aggressive environment and 

exposure time on the corrosion behavior of low-carbon and low-alloy steel rebars into simulated 

concrete pore solution were considered using electrochemical impedance spectroscopy. 

 

 

2. MATERIALS AND METHODS 

In this study, steel rebars with 15 mm diameter and 25 cm long were used for investigation of 

corrosion behavior of steel bars in simulated concrete pore solution (SCPS) environment. The surfaces 

of all steels were easily cleaned using acetone solution, washed in DI water and left to dry by putting 

on air. Epoxy-coated steel was done in the ends of steel bars. Two types of steels, namely low-alloy 

and low-carbon steels, were investigated. The chemical composition of steel bars used in this study are 

shown in Table 1. 

 

Table 1. Chemical compositions of steel bars  

 

Steels Chemical compositions (wt%) 

Fe C Mn Si P S Cr 

Low-carbon Bal. 0.25 1.55 0.56 0.023 0.011 0.0 

Low-alloy Bal. 0.23 1.55 0.45 0.012 0.008 5.07 

 

The SCPS was prepared using a mixture of 0.2 M NaOH, 0.5 M KOH and0.3 M Ca(OH)2.The 

pH value of the solution was adjusted by adding various amount of sodium bicarbonate in 10.5, 11.5 

and 12.5 and calibrating through pH meter. The electrochemical tests were performed by three-

electrode electrochemical cell setup. A steel bar, a saturated calomel and a graphite electrodes as 

working electrode, reference and counter electrodes, respectively. The steel rebars were immersed into 

the SCPS with three concentrations of NaCl, 0.1M, 0.3M and 1.0M as low, close and high to threshold 

chloride content respectively, for assessment of pitting corrosion behavior [22]. For pre-passivation 

case, the steel rebars were exposed to chloride-free SCPS for one week for the formation of a stable 

passive layer before the addition of chlorides [23]. 

Electrochemical impedance spectroscopy (EIS) technique was done in the frequency range 

from 0.1 MHz to 0.1 mHz at the open circuit potential with ±10 mV AC perturbation. The 

morphologies of steel rebars were studied by a Zeiss Sigma scanning electron microscope (SEM). 
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3. RESULTS AND DISCUSSION 

The Bode plots of the low carbon and low alloy steels are shown in Figure 1. Two time 

constants are detected for both the corrosion and the passivation stage. Figure 1indicates the modulus 

and phase angle plots for both steel rebars were unexpectedly reduced after one-week passivation in 

chloride-free SCPS environment. The passivation behaviors of steel rebars in the presence of chloride 

ions had changed considerably compared to those under chloride-free environment. Furthermore, the 

low-alloy steel showed more passivation behaviors than low-carbon steel which can be attributed to 

the surface properties of low-alloy steel with few defects and micro-cracks, assisting the formation of a 

protective and dense passive layer.  

 

 

 

Figure 1. Bode plots of low-carbon and low-alloy steel in SCPS with various NaCl concentrations 

after one week exposure times 
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Figure 2. EIS plots of (a) low-carbon and (b) low-alloy steels exposed to SCPS with various NaCl 

concentrations after one week exposure times 

 

EIS technique has been widely used in the investigation of the passive film because of its 

capability to evaluate redox reactions of steels in SCPS environment [24, 25]. The EIS plots of low-

carbon and low-alloy steels exposed to SCPS with various NaCl concentrations after one-week 

exposure time are indicated in Fig. 2. Nyquist diagrams typically show a capacitive loop in both steels 

that its diameter decreased with increasing NaCl concentrations. It may be ascribed to corrosion 

behavior of Cl ions on the steel surface. Figure 3 shows an equivalent circuit model which proposed to 

simulate these electrochemical process of steel rebars. Rs is the SCPS resistance. At higher 

frequencies, Rf and Cf show a resistance because of the ionic paths by the oxide film and capacitive 

behavior of formed passive layer, respectively [26, 27]. At the second time constant, Rct and Cdl 

reveals the charge-transfer resistance and the capacitive behavior in the interfaces [28]. The best fitting 

parameters based on the circuit depicted in figure 3 are summarized in Table 2.  
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Figure 3. An equivalent circuit model  

 

As revealed, the Rct values considerably reduced from 982 Ω to 238 Ω and 1623 Ω to 846 Ω for 

low-carbon and low-alloy steels, respectively, by the addition of NaCl in the SCPS environment, 

indicating the chloride presence led to an increase in corrosion on the surface of steel.   

 

 

Table 2. Electrochemical parameters achieved from the fitted equivalent circuit  

 

Steel NaCl content in 

SCPS 

Rs (Ω) Cf (μFcm-

2) 

Rf 

(Ω) 

Cdl 

(μFcm-2) 

Rct (Ω) 

 

 

Low-

carbon 

Chloride free 27 4.9 548 6.1 982 

0.1 M 25 8.2 282 9.7 532 

0.3 M 29 9.9 175 11.2 327 

1.0 M 23 11.3 124 12.4 238 

 

 

Low-alloy 

Chloride free 32 1.7 912 2.2 1623 

0.1 M 28 2.6 723 3.7 1374 

0.3 M 34 3.5 585 4.8 1172 

1.0 M 31 5.9 423 7.2 846 

 

Moreover, table 2 shows that Rf gradually reduced by increasing the concentration of Cl ions 

which reveals that porous and nonprotective products have been developed on the surface of both 

steels. These findings are consistent with the best-fit results for Cdl which were gradually increased 

over 12.4 and 1.2 μFcm-2 with 1 M NaCl in SCPS for low-carbon and low-alloy steels respectively, 

indicating that produced corrosion can happen on the steel surface [29]. It can be related to the broken 

passive layer on the steel surface, when the Cl concentration was in the threshold value [30]. 

Furthermore, the low value of Cdl and the high value Rct were found in low-alloy steel rebar compared 

to the low-carbon steel samples that can be attributed to the larger passive film thickness in low-alloy 

caused by the presence of Cr element. 

EIS was done to characterize the effect of pH changes on the corrosion resistance of steels with 

passive films in the SCPS environment. As shown in Fig. 4, when pH value increased, the arc radius 

increased in both steel bars that reveals the enhancement of the corrosion behavior for steel bars.  
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Figure 4. Nyquist plots of (a) low-carbon and (b) low-alloy steels in SCPS with various pH value after 

one week exposure times 

 

Table 3. Electrochemical parameters achieved from the fitted equivalent circuit 

 

Steel pH Rs (Ωcm2) Cf(μFcm-2) Rf (Ωcm2) Cdl (μFcm-2) Rct (Ωcm2) 

Low-

carbon 

10.5 26 11.7 102 13.9 198 

11.5 34 10.8 148 12.3 275 

12.5 29 9.9 175 11.2 327 

Low-alloy 10.5 32 7.3 371 8.8 643 

11.5 25 5.2 467 6.5 821 

12.5 34 3.5 585 4.8 1172 

 

The thickness of the passive layer can be measured with the following equation [31]: 

𝐷 =  
𝜀𝜀0𝐴

𝐶𝑑𝑙
                                                     (1) 
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Where D is the passive film thickness, ε0 (8.85 × 10−12 F m−1) and ε (12 for Fe oxides) are the vacuum 

permittivity and dielectric constant, respectively. A is an effective area and capacitance. 

As indicated in table 3, the value of Cdl decreases as the pH value increases, which reveals that 

the passive film thickness was increased and the resulting protective capacity was enhanced when the 

pH value of solution was gradually increased. 

Polarization resistance (Rp = Rf + Rct) is recognized as a calculable indicator to investigate the 

corrosion resistance of steels in the aggressive environment [32]. Such that the higher value of Rp 

shows higher corrosion resistance value for the steel rebar. According to table 3, the low-alloy steel 

indicates higher value of Rp than the low-carbon steel at a constant pH value which can be associated 

to the creation of passive layer, showing a small amount of chromium micro-alloy into the steel 

assisted to form stable passive layers. 

Moreover, increasing the pH values of SCPS showed a significantly development of Rp value 

exhibiting a higher corrosion protection for both steel rebars in pH 12.5.  

Comparing Cf and Cdl in all samples (table 3), it is observed that Cf value is lower than Cdl 

indicating the formation of double layer and thin passive film at the interfaces have a high capacitive 

behavior.  

 

 

 

Figure 5. FESEM images of (a) low-carbon and (b) low-alloy steel rebars exposed to SCPS with 1 M 

NaCl after two weeks immersion times at pH 12.5. 

 

Figure 5 indicates the FESEM morphology of low-carbon and low alloy steel rebars exposed to 

SCPS with 1 M NaCl after two weeks immersion times at pH 12.5. As shown in figure 5a, wide 

corrosion was detected on the surface of low-carbon steel, revealing the active corrosion state. 

Furthermore, very few small pits can be seen on the surface of low-alloy steel (Figure 5b), signifying 

that the low-alloy steel had an appropriate corrosion resistance in SCPS environment. These findings 

show that adding a small amount of chromium micro-alloy into the steel improves the corrosion 

behavior of steel rebars which is in accordance with the results obtained from electrochemical tests. 
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Figure 6. EIS plots of the low-alloy steel rebar exposed to SCPS with 1 M NaCl at different 

immersion times at pH 12.5. 

 

Table 4. Electrochemical parameters achieved from the fitted equivalent circuit 

 

Exposure time (week) Rm (Ω) Rf (Ω) Cf (μFcm-2) Rct (Ω) Cdl (μFcm-2) 

1 31 423 5.4 846 7.2 

2 27 458 5.1 1097 5.6 

3 22 512 5.0 1353 3.5 

4 26 534 5.2 1796 1.3 

 

Figure 6 reveals Nyquist plots of low-alloy steel rebars exposed to SCPS with 1 M NaCl at 

different immersion time in pH 12.5. Table 4 indicates electrochemical parameters obtained from the 

fitted equivalent circuit. Results show that the Rct was increased about two times from 1 to 4 weeks 

immersion time, with a decrease in the Cdl values from 7.2 to 1.3 μFcm-2, probably because of higher 

density hydration products and pores of the steel rebar after four weeks immersion time. These results 

are in agreement with previous studies [33]. Furthermore, the Cf values were remained stable for all 

immersion time, indicating that no degradation in the protecting oxide-layer on the low-alloy steels, as 

expected for limited immersion time. 

 

 

4. CONCLUSIONS 

In this work, the corrosion behavior of Cr-modified low-alloy steel and low-carbon steel rebars 

exposed to SCPS with different chloride content were investigated by the EIS technique. Passive layer 

formed on the surface of steel rebar could increase chloride-induced corrosion resistance of low-carbon 

and low-alloy steels in SCPS with different chloride concentrations. When concentration of NaCl as 

chloride source in the SCPS increased to 1.0 M, low-alloy steel indicated superior corrosion resistance 

than low-carbon steel that can be attributed to a gradual formation of Cr-enriched rust layer into the 
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low-alloy steel, resulting in efficiently suppressing the diffusion of corrosion pits. The double-layer 

capacitance values were reduced as pH value gradually increased, which indicates that the thickness of 

passive layer enhanced, resulting protective capacity increased. 
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