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The effects of the temperature, carbonation, and different types of synthetic solutions on chloride 

corrosion of steel reinforcement were investigated in this paper. A relatively wide range of temperatures 

(from 5℃ to 60℃) and three synthetic solutions (Ca(OH)2 + KOH + NaOH solution, the cement and 

cement-slag extracts) were applied. In addition, a high concentration of bicarbonate ions (0.2 mol/L) 

was used to simulate the effect of carbonation. The open-circuit potential and corrosion current density 

were obtained from the linear polarization resistance and EIS results to evaluate the corrosion resistance 

of samples. Higher temperatures increase the corrosion of steel above 20℃. This is accounted for by the 

acceleration of both the corrosion reaction and dissolution of passive films. The lower temperature (5℃) 

similarly promotes corrosion due to the increased dissolved oxygen in the solutions. The existence of 

HCO3
- inhibits the corrosion process in traditional synthetic solutions under 40℃ but promotes corrosion 

at 60℃, which can be attributed to the buffering influence of ions and decomposition. The traditional 

synthetic solutions and cement extracts are more appropriate for simulation of the effect of temperature 

and carbonation. 
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1. INTRODUCTION 

 

Corrosion of reinforcing steel is one of the main durability problems in construction. This will 

mainly cause the deterioration of reinforced concrete structures, especially in aggressive environments. 

Due to the corrosion of steel reinforcement, the service-life of structures can be remarkably reduced. 

This will not only bring the security risks in structures but also cause major economic losses. 

Chloride ion is one of the most common ions in steel corrosion. It can be introduced into concrete 

structures by the deicing salts, the water or soil around them, etc. The ions then will gradually penetrate 

through the concrete cover to the surface of the steel. When concentrations of Cl- accumulate to a certain 
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value, passive layers of the steel will be destroyed. A certain concentration value is regarded as the 

critical chloride level (CTL)[1]. Many investigations have been conducted on the corrosion behaviors 

and mechanics of steel with chloride ions. It has been found that many factors are related to chloride 

corrosion results, such as sulfate ions[2], chloride salt types, and the pH values of concrete pore 

solutions[3].  

Among all the factors, temperature and carbon dioxide (CO2) are worth attention. Different 

corrosion regions correspond to varying corrosion temperatures. For example, corrosion often occurs at 

low temperatures if chloride ions are introduced by deicing salts in severely cold areas. For corrosion 

occurring in tropical regions, the temperature is much higher[4]. Numerous works have focused on the 

effect of high temperatures due to the slow reaction rates at low temperatures. A higher temperature 

accelerates the kinetics of most chemical reactions, including electrochemical reactions during chloride 

corrosion. Over 10℃, the corrosion current density was reported to substantially increase with increasing 

temprature[5-8]. Meanwhile, low temperatures also showed acceleration effects on corrosion rates[9]. 

Apart from the temperature, the existence of CO2 also affects the corrosion behavior of steel. CO2 gas 

can diffuse through concrete and react with some hydration products, such as calcium hydroxide (CH). 

Then the pH values of the concrete pore solutions will change, as will the concrete pore structures. It has 

been reported that low levels of CO3
2- and HCO3

- in pore solutions accelerate chloride corrosion, but 

high levels do the opposite[10]. The effect of CO2 could be more obvious in concrete with slags due to 

the smaller amount of CH. Furthermore, methods for simulating concrete pore solutions are also worth 

considering. Two main methods are usually adopted: synthetic solutions aiming to reproduce the 

composition and the aqueous phase extracted from cement pastes. The synthetic pore solutions may not 

fully represent the actual pore solutions in concrete[11]. However, due to the heterogeneity in the 

concrete structure[12] and the small amount of water extracted from pastes[13], it is still a common 

option for researchers. 

In this study, the effects of the temperature, carbonation, and types of synthetic solutions on 

chloride corrosion of reinforcement were investigated. Three kinds of synthetic solutions were chosen 

in the test: Ca(OH)2 + KOH + NaOH solution, cement and cement-slag extracts. These were intended to 

simulate the actual pore environment in concrete, and to determine if they were appropriate considering 

the temperature changes. A relatively wide range of temperature variations (5℃ - 60℃) was applied. A 

temperature of 5℃ was designed to investigate the effect of low temperatures on steel corrosion. It is 

easily ignored because serious corrosion is usually considered to occur at high temperatures. Various 

electrochemical measurements were conducted to monitor the corrosion of reinforced steel under 

different conditions. Further analyses were based on the open-circuit potential (Ecorr), corrosion current 

density (icorr) and electrochemical impedance spectroscopy (EIS) results. 

 

 

2. EXPERIMENTAL  

2.1. Materials and specimen preparation 

A simplified flow diagram of the test procedures in this paper is shown in Fig 1. Cylindrical 

carbon steel specimens 20 mm in diameter and 10 mm in length were used in this study. The chemical 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220130 

  

3 

composition of the steel is listed in Table 1. A copper wire was welded to one cross section of the steel 

specimen, and then the whole specimen was sealed in epoxy resin with only the other cross section 

exposed. This exposed surface was used for the electrochemical test and was polished with #150, #400, 

#800, #1000 and #1200 SiC emery paper. Finally, the specimen was cleaned with acetone, washed in 

distilled water, dried in air, and stored for subsequent tests. The cement used in the present work was P. 

II 42.5 Portland cement supplied by Anhui Conch Cement. The slag was the ground granulated blast 

furnace slag (GGBFS) produced by NANGKANG K.WAN. Their chemical compositions are presented 

in Table 2. 

 

 
Figure 1. Flow diagram of test procedures: (a) Steel samples, (b) Solutions, (c) Curing temperatures, (d) 

Electrochemical tests 

 

 

Table 1. Chemical composition of steel reinforcement (wt.%) 

 

C Si Mn S P 

0.22 0.30 0.65 0.05 0.045 

 

 

Table 2. Chemical compositions of cement and slag (wt.%) 

 

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3 LOI* 

cement 60.4 22.6 4.9 4.3 3.2 2.8 1.2 

slag 38.8 32.3 14.5 10.3 0.4 0.17 0.15 
*LOI is the abbreviation for Loss on Ignition. 
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2.2. Exposure solutions and temperatures 

Several synthetic solutions were prepared in the work reported in this paper. The first was a 

saturated Ca(OH)2 solution with KOH and NaOH added, which was originally proposed by Macias et 

al.[13]. The concrete pore solution was regarded as an oversaturated solution of Ca(OH)2 with other ions 

added. As a typical synthetic solution, it is still widely used[3, 14]. The two other solutions were the 

cement and cement-slag extracts. They were obtained by dissolving 100 g cement or slag powder in 2 L 

distilled water. The mixture was stored in a sealed container for 28 days, and then crushed and screened 

to obtain the final extract. Compared to the first synthetic solution, the extract solutions contained more 

ions, such as Al3+ and SO4-. These could better resemble the actual pore environment of concrete, 

especially concrete with added slag [15]. Sodium bicarbonate was added to simulated the effect of 

carbonation on chloride-induced corrosion of steel reinforcement [3, 14]. The compositions and pH 

values of all solutions are listed in Table 3. Chloride ions, supplied by sodium chloride, were added at 

0.01 mol/L every two days after prepassivation.  

 

 

Table 3. Compositions and pH values of the simulated concrete pore solutions 

 

Solution Composition pH 

1 Saturated Ca(OH)2+0.175 M KOH+0.1 M NaOH 12.9 

2 Cement extract (cement/water=1:20) 12.7 

3 Cement-slag extract (cement/slag/water=1:1:40) 12.1 

4 Saturated Ca(OH)2+0.175 M KOH+0.1 M NaOH+0.2 M NaHCO3 9.5 

5 Cement extract (cement/water=1:20) +0.2 M NaHCO3 9.4 

6 Cement-slag extract (cement/slag/water=1:1:40) +0.2 M NaHCO3 9.2 

 

Four temperatures were chosen in the study to evaluate the effect of temperature on chloride-

induced reinforcement corrosion: 5, 20, 40 and 60℃. They were designed to simulate the winter 

construction temperature, the standard curing temperature, the outdoor temperature in summer and the 

surface temperature of construction in direct sunlight in summer. 

 

2.3. Electrochemical measurement and morphology observation 

The classical 3-electrode system was employed during the electrochemical experiments with the 

PARSTAT 2273 electrochemical workstation. The steel specimen was used as the working electrode. A 

saturated calomel electrode and a platinum electrode served as the reference electrode and the counter 

electrode, respectively. 

Before the tests, all steel specimens were immersed in saturated Ca(OH)2 solution for 7 days for 

prepassivation[16]. Their surface conditions were deemed to be the same. Then they were placed in the 

corresponding experimental solutions at the experimental temperatures. EIS and linear polarization 

resistance tests were carried out every two days at 20℃. To achieve the testing temperature (20℃), 

samples corroded at other temperatures (5, 40 and 60℃) were moved to the testing room in advance. 

The EIS measurements were conducted in a frequency range from 100 kHz to 10 mHz. Linear 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220130 

  

5 

polarization resistance tests were performed in the potential range from -10 mV to +10 mV with a scan 

rate of 0.166 mV/s. The data analysis was conducted using ZSimpWin software with a proper electrical 

equivalent circuit. After the electrochemical test, the morphology of each steel sample was observed 

using scanning electron microscope (SEM, JSM-6360LV SEM instrument). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Morphology of steel 

The morphology of steel samples immersed in different solutions is shown in Fig. 2. Severe 

damage could be found on the surface of steel in solutions with chloride ions. In contrast, the steel in 

saturated Ca(OH)2 solutions had a smooth surface without any corrosion pits.  

 

 

 
 

 

Figure 2. SEM images of samples immersed in: (a) saturated Ca(OH)2 before the test, (b) Solution 2 

with 0.09 mol/L Cl- at 20℃, (c) Solution 5 with 0.09 mol/L Cl- at 20℃, and (d) Solution 2 with 

0.09 mol/L Cl- at 60℃ 
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Temperatures and bicarbonate ions both had effects on the corrosion behavior of steel samples. 

More serious damage can be seen on the surface of the samples at 60℃ in Fig. 2.(d). It was covered with 

a large quantity of corrosion products. In contrast, there were only a few corrosion pits at 20℃. In 

addition, with bicarbonate ions in the solutions, the number of corrosion pits comparatively decreased. 

The corrosion was suppressed to some extent. 

 

3.2. Corrosion potential 

The developments of Ecorr for samples in solutions are shown in Fig. 3. Without chloride ions, 

the Ecorr values for all samples were over -200 mV. With the increasing concentration of chloride ions, 

there was a consistent downward trend in Ecorr for all samples. In addition, an abrupt drop in Ecorr for the 

samples appeared at a certain level of chloride ions. This was a sign of the breakdown of passive films 

caused by chloride ion corrosion.  

 

 

 
 

Figure 3. Variation in Ecorr for the samples in Solutions 1-6 with the concentrations of Cl- at four 

temperatures: (a) T=5℃, (b) T=20℃, (c) T=40℃, (d) T=60℃ 
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It is suggested that corrosion begins when the Ecorr values for samples range from -450 mV to -

350 mV. The CTL in this paper was the chloride concentration when the Ecorr values of samples 

descended to -350 mV. CTL values for samples in different solutions and at different temperatures are 

presented in Table 4. The impacts of temperature and carbonation on corrosion were reflected according 

to the CTL variations.  

 

 

Table 4. The critical chloride level (CTL) for samples in solutions (1-6) at four temperatures 

 

Solution 
CTL (mol/L) 

5℃ 20℃ 40℃ 60℃ 

1 0.04 0.07 0.05 0.02 

2 0.03 0.05 0.03 0.01 

3 0.01 0.03 0.03 0.01 

4 0.04 > 0.1 0.09 0.03 

5 0.05 0.06 0.04 0.03 

6 0.01 0.03 0.03 0.03 

 

On the whole, the CTL values of the steel samples based on temperature were ordered from high 

to low as 60℃, 5℃, 40℃ and 20℃. Compared to the standard curing temperature (20℃), both the 

lower temperature (5℃) and the higher temperatures (40℃ & 60℃) increased the risk of chloride-

induced corrosion of the samples. The increase was more significant at higher temperatures. In addition, 

the addition of NaHCO3 also affected the corrosion behaviors of the samples. By comparing the CTL 

values in Solutions 1-3 and 4-6, the corrosion of steel samples in solutions without NaHCO3 was 

generally more serious. 

 Moreover, samples in the three solutions showed different sensitivities to temperature changes 

and carbonations. The correlations between temperature and CTL values for samples are presented in 

Fig. 4., using the Spearman correlation test. The statistical significance was set at 5%. It was obvious 

that the samples in cement extracts were the most sensitive to temperature changes. For samples in 

cement-slag extracts, the correlations were the weakest. The correlation between solutions with or 

without NaHCO3 followed the same trend. Synthetic Solution 1 and 2 were more appropriate for the 

simulation of steel corrosion under temperature changes and carbonation. 
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Figure 4. The correlation between temperature and CTL in six solutions 

 

3.3. Linear polarization resistance 

During the linear polarization resistance experiment, the curve of E-I was approximately a 

straight line, and the reinforced electrode polarization resistance (Rp) was represented as the slope of the 

line. According to the Stern-Geary theory [17], the corrosion current density (icorr) for samples could be 

obtained by Eq.(1). Their icorr values with the concentration of Cl- are depicted in Fig. 5. Their corrosion 

conditions were structured in four levels based on the values and listed in Table 5. 

 𝑖𝑐𝑜𝑟𝑟 =
𝐵

𝑅𝑝 ∙ 𝐴
 (1) 

where  

B: the Stern-Geary constant, assumed to be 26 mV[18, 19], 

A: the cross-sectional area of the steel electrode, 0.785 cm2.  
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From Fig. 5., all the temperature, carbonation and types of synthetic solutions showed impacts 

on the corrosion of the samples. 

 

 

 
 

 

Figure 5. Variations in icorr for the samples in solutions with different concentrations of Cl- at four 

temperatures: (a-f) Solutions 1-6 

 

 

Table 5. The corrosion conditions of samples based on the icorr values [20] 

 

icorr (μA/cm2) Corrosion condition 

<0.1 Passive condition 

0.1~0.5 Low to moderate corrosion condition 

0.5~1 Moderate to high corrosion condition 

>1 High corrosion condition 

 

3.3.1. Effect of temperature 

Generally, samples were preferentially penetrated by chloride ions at higher temperatures. For 

samples in solutions without NaHCO3, their icorr values were initially enhanced at higher temperatures. 
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With the addition of chloride ions, icorr values for samples exposed to 5℃ and 60℃ increased more 

rapidly than others. They appeared to be seriously corroded when the NaCl concentration reached 0.04 

and 0.02 ml/L, but those exposed to 20℃ were not corroded that badly. The icorr values for samples 

exposed to 20℃ and 40℃ were similar until the NaCl concentration reached 0.09 ml/L. The values were 

over 1 μA/cm2 at 0.1 mol/L NaCl. 

The effect of temperature on the corrosion of steel samples was attributed to the three factors of 

the changes in pH values in the solutions, the kinetics of the corrosion reaction and the destruction of 

the passive film on the steel.  

First, the pH values in solutions changed due to the variations in the solubility of Ca(OH)2 and 

the ionization product constant of water at four temperatures. When the temperature increased from 5℃ 

to 60℃, the solubility of Ca(OH)2 decreased from 0.175 g to 0.12 g, and the ion product of water 

increased from 0.17 × 10−14  to 9.55 × 10−14 . The pH values in the solutions decreased when the 

temperature increased. The maximum difference among the pH values of solution 1 was monitored to 

be 1.5 among the four temperatures initially, agreeing with the calculation result. However, the decrease 

in pH values in solution was not equal to the corresponding drop in OH- concentrations. Due to the 

dissolution mechanisms of strong electrolytes, the OH- concentrations in solution 1 were assumed to be 

the same at the four temperatures. Hence, the changes in pH values in the solutions caused by 

temperature were not considered a main factor in this study.  

Second, the corrosion of the steel in the solutions could be described using half-cell reactions 

[21], which were the anodic and cathodic reactions. The anodic reacitons were related to the dissolution 

of Fe, which is shown in Eq. (2). The cathodic reaction was associated with the formation of hydroxide 

ions or hydrogen, playing a dominant role during the corrosion process. The possible reactions depended 

on the accessibility of oxygen and the pH values surrounding the steel surface[18]. In highly alkaline 

solutions, the reaction could be presented chemically as Eq. (3). Otherwise, the reaction like Eq. (4) also 

should be considered . 

 𝐹𝑒 → 𝐹𝑒2+ + 2𝑒− (2) 

 𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− (3) 

 2𝐻2O + 2𝑒− = 𝐻2 + 2𝑂𝐻− (4) 

According to the Nernst equation, the cathodic electrode potential, relating to the cathodic 

reaction, can be presented as Eq. (5) [18, 22]. In Eq. (5), the cathodic electrode potential of the samples 

was connected to the temperature, the concentration of dissolved oxygen and the hydroxide ions in the 

solutions. The OH- in the solutions mainly came from the dissolution of strong electrolytes. Taking 

solution 1 as an example, it could be assumed to be the same under different testing temperatures. 

However, the concentration of dissolved oxygen in the solutions changed with the temperature, and this 

effect could be quantified using Eq. (6) [7, 23].  

 𝐸𝑐 − 𝐸𝑐
0 =

𝑅𝑐𝑇

𝑛𝐹
𝑙𝑛

[𝑂2][𝐻2𝑂]2

[𝑂𝐻−]4
 (5) 

where 

Ec
0: the standard electrode potential of steel at the cathode, assumed to be 0.44 V, 

Rc: the gas constant, 8.314 J/K, 

F: the Faraday constant, 96,487 C, 
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T: the absolute temperature (K), 

n: the number of electrons in the reaction equal to 4 or 2, 

[O2], [H2O] and [OH-]: concentrations of O2, H2O and OH- in solutions (mol/L), respectively. 

𝐿𝑛𝐶𝑂2

∗ = −139.34411 + (
1.575701 × 105

𝑇
) − (

6.642308 × 107

𝑇2
)

+ (
1.243800 × 1010

𝑇3
) − (

8.621949 × 1011

𝑇4
) − 𝐶ℎ𝑙[3.1929 × 10−2

− (
1.9428 × 101

𝑇
) + (

3.8673 × 103

𝑇2
)] 

(6) 

where 

𝐶𝑂2

∗ : the concentration of dissolved oxygen in water at 101.325 kPa, (mg/L),  

T: the absolute temperature (K), 

Chl: the concentration of chloride ions (mg/L). 

When the temperature decreased from 60℃ to 5℃, the maximum quantity of dissolved oxygen  

in the solutions increased from 4.72 mg/L to 12.74 mg/L. According to Eq. (5), the ratio of Ec-Ec
0 for 

samples in solution 1 at the four temperatures was 0.8: 0.9: 1: 1.1 (from 60℃ to 5℃). The cathodic 

electrode potential (Ec) for samples at 5℃ was higher than that at 20℃,partially accounting for the 

severe corrosion of samples at 5℃. According to the cathodic electrode potential of steel, the changes 

in dissolved oxygen caused by temperature variations had greater impacts on corrosion than the 

temperature variation itself. 

Third, the destruction of the passive film during the test procedures could not be ignored. The 

testing temperature of electrochemical measurement was set to 20℃.To achieve this temperature, 

samples were moved into the testing room in advance. During temperature variations, the degradation 

of passive films could not be avoided. According to Feng’s investigations[24], the abrupt decline in 

temperature caused the depasivation of films. Greater changes in temperature led to worse degradation 

of the films. At the same time, the film was permeated by the added chloride ions. The interface between 

the passive films and the steel was attacked, accelerating the degradation of the films[25]. Referring to 

Fick’s law, the diffusion progress was affected by temperature.  

Considering the above factors, the effect of temperature could be understood. At 5℃, the 

diffusion and activity of chloride ions in the solutions were both limited. The degradation of passive 

films was initially slow. However, the electromotive forces of cells at 5℃ were high due to the high 

level of dissolved oxygen concentrations. The film was also attacked by increasing chloride ions and 

temperature alternation. As a result, higher icorr values were observed at low temperatures. 

From 20℃ to 60℃, the concentration of dissolved oxygen in solutions decreased, but the activity 

of chloride ions, electromotive force and degradation of passive films all increased. With increasing 

temperature, the impacts of the dissolved oxygen quantity on the corrosion of the samples were gradually 

reduced. The acceleration of reaction rates became more significant. This accounted for the similar 

corrosion of samples at 20℃ and 40℃, along with the severe corrosion at 60℃. 

 

 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220130 

  

12 

3.3.2. Effect of carbonation 

In Fig. 5.(d), the corrosion of the samples was suppressed at 5, 20 and 40℃ but accelerated at 

60℃ in solutions with NaHCO3. According to the buffering influence of HCO3
- [26], as seen in Eq. (7), 

higher concentrations of HCO3
- promoted the formation of FeCO3, but lower concentrations had the 

opposite effect. FeCO3 was able to attach to the surface of passive layers, helping to resisit chloride ions. 

Moreover, at the beginning of the test, the concentration of bicarbonate ions in solutions was much larger 

than that of chloride ions. The difference in concentrations caused the bicarbonate ions to be more easily 

absorbed into the barrier layer oxygen vacancy sites. The suppression effect of the bicarbonate ions was 

demonstrated during the test [14, 27]. 

However, FeCO3 could not exist stably if the pH value of the solution was over 9.5, as shown in 

Eq. (7) [28]. The hydrolysis equilibrium of HCO3
- in solutions can be described by Eq. (8), and it is 

affected by temperature. When temperatures increased, the equilibrium of Eq. (8) shifted to the right 

side. Then, the pH value of the solutions increased, and the concentration of HCO3
- decreased. In 

addition, the HCO3
- in the solutions would start to decompose if the temperature was over 50℃. At 

60℃, the concentration of HCO3
- in the solutions deceased to a low level. Meanwhile, the concentration 

of OH- in the solutions was high enough to make FeCO3 unstable. Then, the equilibrium of Eq. (7) shifted 

to the left side. Without promoting the formation of FeCO3, the existence of HCO3
- only decreased the 

pH value of solutions at 60℃, destroying the passive film on the steel surface.  

 𝐹𝑒2+ + 𝐻𝐶𝑂3
− ↔ 𝐹𝑒𝐶𝑂3 + 𝐻+    (7) 

 𝐻𝐶𝑂3
− + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 + 𝑂𝐻−    (8) 

 

3.3.3. Effect of simulated concrete pore solution 

Apart from the temperature and carbonation, the types of synthetic solutions also had impacts on 

the steel corrosion. For those specimens in the three solutions without NaHCO3, their icorr values 

exhibited different tendencies with temperature. In cement extracts (solution 2), the development of icorr 

values for samples showed some differences. When exposed at 5℃ and 60℃, icorr values for these 

samples were very high initially, but increased slowly in the following test. At 20℃ and 40℃, icorr values 

for samples were low at the beginning, but increased obviously at certain NaCl levels, and then tended 

to be similar. In cement-slag extracts (solution 3), the development appeared generally like those in 

solution 2, but the icorr values of the samples were initially lower and increased more quickly.  

Different sensitivities of samples in three solutions to the temperature could be anticipated due 

to the different compositions among these solutions. Firstly, their pH values were slightly different. 

Other than solution 1, the concentrations of Ca(OH)2 in the cement extract or cement-slag extract were 

unsaturated, reducing the pH value. As shown in Table 3., the lower pH corresponded to more severe 

corrosion in solutions 2 and 3.  

Second, the hydration products in the two extract solutions accounted for the differences. 

Solution 1 was the mixture of Ca(OH)2, KOH and NaOH. There was no cementitious material in it. 

Solutions 2 and 3 were the cement extract and slag-cement extract, respectively. Due to the hydration 

reactions during the preparation, the chloride ions could be physically absorbed or chemically bonded 
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to the hydration products in these two solutions, controlling the corrosion of the samples. In addition, 

some flocculent precipitates on the surface of steel samples in extracts were monitored during the test. 

These could resist the diffusion of oxygen and chloride ions [29]. Nevertheless, the bonding capacity of 

hydration products was very limited. The inhibition effect did not work out with the continuous addition 

of Cl- in solutions. Finally, samples in solutions 2 and 3 were corroded slightly at the initial stage but 

seriously with continuous addition of Cl-.  

The severe corrosion at 5℃ initially, it could be explained by the chemical equilibrium shift of 

Eq. (3). Due to the increase in the degree of dissolved oxygen and the drop in OH- concentrations in the 

extracts, the equilibrium of the cathodic reaction was shifted toward the right side. In addition, the type 

and amount of hydration products in these two solutions were different. In cement systems, more Afm 

salts were produced [30], but more hydrated calcium aluminates were formed in cement-slag systems 

[31]. The better ability of hydrated calcium aluminates to bond to Cl- led to only slight corrosion of the 

samples at 60℃ with 0.01 and 0.02 mol/L NaCl. 

In addition, unlike samples in solution 4, the corrosion of samples in solutions 5 and 6 generally 

appeared to be worse than those in solution without NaHCO3. This was attributed to the reactions 

between HCO3
- and hydration products [32]. The concentration of HCO3

- dropped to a low level due to 

these reactions, and the equilibrium of Eq. (7) tended to shift to the left side. 

 

3.4. Electrochemical impendence spectroscopy 

Taking samples in solutions 2 and 5 as examples, their Nyquist plots of EIS at four temperatures 

are shown in Fig. 6. The Bode plots of the samples in solution 2 are shown in Fig. 7. In Fig. 6., the curves 

of all samples were parts of capacitive loops. With the addition of chloride ions, the diameters of the 

capacitive loops decreased. This was mainly due to the destruction of the passive film on the steel surface 

during corrosion. In Fig. 7., similar results could be found. The low-frequency impedance modulus 

decreased considerably with the addition of 0.08 mol/L Cl- in Fig. 7. (a) & (c), which indicated that 

corrosion actively occurred on the steel surface.  
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Figure 6. Nyquist plots for the samples in Solutions 2 and 5 with Cl- at four temperatures: (a-d) Solution 

2 with 0.01, 0.03, 0.06 and 0.09 mol/L Cl-, (e-h) Solution 5  
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Figure 7. Bode plots for the samples in Solution 2 with Cl- at four temperatures: (a & c) impedance 

modulus plots with 0.01 and 0.09 mol/L Cl-, (b & d) phase angle plots with 0.01 and 0.09 mol/L 

Cl- 

 

It is widely accepted that the EIS curve at high frequency closely corresponds to the resistance 

between the corrosion solution and the working electrode. In the curves, this resistance was related to 

the diameters of the capacitive reactance arc. To analyze the deterioration of passive films during 

corrosion, an equivalent-circuit model was applied and demonstrated in Fig. 8. [33, 34]. Rs is the solution 

resistance. Rf is the passivation and adsorption film resistance, and Cf is the capacitance related to those 

resistances. Rct and Cdl are the charge transfer resistance and the electric double-layer capacitance, 

respectively. They were related to the conditions of the corrosion reaction on the steel surface[35, 36]. 

The fitting results of the Rf and Rct values calculated from the models are listed in Table 6. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220130 

  

16 

 
Figure 8. Equivalent-circuit model of the measured EIS results. 

 

 

Table 6. The passivation film resistance (Rf) and corrosion reaction resistance (Rct) of steel (103 Ω·cm2) 

 

 Solution 2 Solution 5 

Concentration 

of Cl- (mol/L) 
0.01 0.03 0.06 0.09 0.01 0.03 0.06 0.09 

Rf 

5℃ 219.3 4.581 1.878 0.4852 0.7743 0.1648 0.1238 0.1399 

20℃ 13.31 12.04 8.979 0.8926 53.95 0.1636 0.1641 0.3245 

40℃ 4.179 17.00 2.389 1.384 9.184 2.848 0.5101 0.2657 

60℃ 2.013 0.2022 0.3175 0.2768 3.179 0.626 0.0745 0.0833 

Rct 

5℃ 3494 21.89 5.620 1.015 4.225 1.442 0.8787 0.8412 

20℃ 1041 186.9 95.57 8.135 381.2 8.695 1.737 5.176 

40℃ 142.4 51.39 7.612 16.95 277.3 46.34 5.310 2.288 

60℃ 12.77 2.012 2.016 1.498 81.83 9.523 0.9461 0.5126 

 

 

In Table 6., the Rf and Rct values of the samples were generally in accord with the evolution of 

Ecorr and icorr. With 0.01 mol/L chloride ion, the Rf and Rct values of the specimens in solution 2 generally 

decreased with increasing temperature. This coincided with the explanation that the degradation of 

passive films and rates of chemical reactions were both promoted at higher temperatures. When chloride 

ions were added, the values declined quickly. This showed the degradation of films and promotion of 

eletrochemical reactions. The development of these two values at 5℃ were worth noting. They were 

lower than those of specimens at 20℃ and 40℃ when the chloride ion concentration was at 0.03 mol/L. 

The decline represented the greater damage of passive films and faster corrosion reactions at the lower 

temperature. Due to the low temperature, the film was still passivated in the initial experiment. However, 

with increasing chloride ions and temperature alternation, the film degraded more quickly. Meanwhile, 

with the higher concentration of dissolved oxygen at 5℃, the corrosion reaction was also faster. In 
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addition, with the existence of NaHCO3 in solution 5, the Rf and Rct values of the samples all decreased 

at the four temperatures. 

 

 

 

4. CONCLUSIONS 

In summary, the effects of temperature, carbonation, and the types of synthetic solution on the 

chloride corrosion of steel reinforcement have been studied in this paper. A relatively wide range of 

temperatures (from 5℃ to 60℃), the high concentration of bicarbonate ions (0.2 mol/L) and three kinds 

of synthetic pore solutions were applied in this study. The principal conclusions are as follows: 

(1) The temperature did have an impact on the corrosion process of the steel samples. Over 

20℃, the corrosion of steel was more serious at higher temperatures. This was mainly due to the 

acceleration of the corrosion reaction and the dissolution of passive films. The lower temperature (5℃) 

also promoted corrosion, which was accounted for by the higher concentration of dissolved oxygen in 

the solutions. 

(2) With the addition of 0.2 mol/L NaHCO3, the corrosion of samples in the solutions 

appeared to be inhibited under 40℃ but accelerated at 60℃. The buffering influence of the bicarbonate 

ions accounted for the difference. In addition, using NaHCO3 to simulate the effect of carbonation was 

not appropriate at temperatures over 50℃ considering decomposition. 

(3) Samples in three synthetic solutions showed different sensitivities to temperature and 

carbonation. The traditional synthetic solution (solution 1) and cement extracts (solution 2) were more 

appropriate in the test. 
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