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Effects of silicon as an alloying element on corrosion resistance of carbon steel rebar in sulfuric acid 

environment were studied by a mass loss, polarization, open circuit potential and electrochemical 

impedance spectroscopy (EIS) analysis. The polarization results indicated that the corrosion potential 

was shifted to the more noble direction and the current density at the anode decreased slightly because 

of the Si addition. Based on EIS results, increasing the Si content revealed a significantly enhancement 

in the value of polarization resistance, indicating a high corrosion resistance of 0.9 wt% Si sample. The 

mass loss measurements exhibited a reduction of mass loss rate in carbon steel rebar with the increase 

of Si content which was in full accordance with the results of EIS analysis. The surface morphology of 

the carbon steel indicated a superlative more uneven and rough compared to the Si-containing steel 

reinforced concrete after 8 weeks exposure to the sulfuric acid environment. 
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1. INTRODUCTION 

Carbon steel reinforced concrete is a material widely used in the construction industry worldwide 

because of its mechanical resistance and extraordinary structural strength [1, 2]. However, when this 

material is exposed to sea water or in a humid environment for long term, it is usually prone to severe 

corrosion attacks [3, 4]. Hence, corrosion degradation of the carbon steel rebar in aggressive media is 

currently considered as a major reason which leads to the reduction in the shelf lifetime of the reinforced 

concrete structures [5]. Many researchers have emphasized that because of the pore structure of the 

concrete, the diffusion and penetration of aggressive environment cannot be completely prevented [6-

8]. Thus, improving corrosion resistance of steel rebar is a main factor to enhance the service life of 

reinforced concrete structures.  
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Numerous corrosion resistant rebar has previously been manufactured and used in the reinforced 

concrete at the aggressive environment, for example stainless steel rebar and epoxy-coated rebar [9-12]. 

However, due to the high cost of construction and production, these rebars are still used only in extremely 

aggressive environments [13]. Recent studies show that micro-alloyed steel rebar can be evaluated in 

the aggressive environment. By adding one or more anti-corrosion alloy elements, such as molybdenum, 

chromium, aluminum, nickel, copper and silicon (Si), the corrosion resistance of steel rebar can be 

improved in comparison with the general carbon steel rebar [14-17]. However, due to the low amount 

of alloying element used, the cost of production can be significantly reduced.  Consequently, this alloyed 

rebar has great potential that can be used as a replacement for the carbon steel bars with a much longer 

service life in the aggressive environment [18]. Electrochemical impedance spectroscopy (EIS) method 

as a sensitive nondestructive instrument can be applied to consider the microstructure, physical, 

mechanical and electrical properties of the reinforced concrete [19, 20]. To describe the concrete-steel 

system, the EIS method has also made it possible to study the corrosion phenomenon of steel.  

However, many studies have been done on alloy effects on corrosion behavior of steel reinforced 

concrete [21-23], study on the silicon content effect on the corrosion resistance of carbon steel are very 

limited. In this research, the effect of silicon addition on corrosion behavior of high-performance carbon 

steel rebar in sulfuric acid environment were investigated by EIS analysis. 

 

 

 

2. MATERIALS AND METHOD 

In this study, cylinder of ordinary Portland cement reinforced with carbon steel rebar with 6 mm 

diameter and 10 cm height were used to investigate the corrosion behavior of Si alloyed carbon steel 

rebar in acidic environment. Table 1 presents the chemical composition of the alloyed carbon steel rebars 

used in this study.  

 

Table 1. Chemical composition of alloyed carbon steel rebar (wt%) 

 

Alloys C Mn Si P S Cr Fe 

Carbon steel 0.4 0.001 0.00 0.001 0.003 0.001 Residual 

0.2 wt% Si 0.4 0.01 0.19 0.004 0.003 0.01 Residual 

0.5 wt% Si 0.4 0.01 0.48 0.004 0.003 0.01 Residual 

0.9 wt% Si 0.4 0.01 0.91 0.004 0.003 0.01 Residual 

 

Silicon carbide papers down to 2500# (LANHU, Germany) were employed to polish the samples. 

All samples were cleaned in acetone in an ultrasonic cleaner (Mophorn, China) and washed in distilled 

water. All electrochemical measurements were done in 1000 ml of a 10 wt% sulfuric acid (H2SO4) 

solution, which is believed to be the representative of the corrosive environment. In order to measure the 

gravimetric weight loss, the initial weights of the rebar were obtained using Metler prior to testing. The 

open circuit potential (OCP) for the various systems were periodically done using a high-impedance 

voltmeter with an input resistance of 10 MΩ. The homemade electrochemical cell was used to study the 
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electrochemical impedance spectroscopy (EIS) of the samples. In the three-electrode system, steel rebar 

samples were used as a working electrode and a saturated calomel electrode was applied as a reference 

electrode. The graphite was used as the counter electrode. EIS characterizations were performed in the 

frequency varied between 100 kHz and 0.1 mHz at the EOC with AC perturbation ±10 mV. The 

polarization (CorrTest Instruments Corp., Ltd., China) measurement was conducted from 0.25V at 1 

mV/s scanning rate. The morphologies of the samples were done by scanning electron microscope (SEM, 

FEI/Nova NanoSEM 450). 

 

 

 

3. RESULTS AND DISCUSSION 

 
 

Figure 1. Polarization Plots of carbon steel rebar in the 10 wt% sulfuric acid solution at 25 °C 

temperature 

 

The corrosion behavior of samples can be studied by the polarization curves. Thus, a polarization 

test was done to examine the electrochemical behavior of low alloy steel. Figure 1 indicates the 

polarization plots of the samples in 10 wt% H2SO4 solution at room temperature. Generally, all steel 

samples reveal no passivation and active corrosion behavior, showing the anodic current density 

enhanced constantly with the increasing applied potential. In this work, the corrosion potential were 

shifted to a more noble direction and the current density at the anode decreased slightly because of the 

Si addition, indicating the enhanced corrosion resistance with the addition of Si. The corrosion rates 

were determined by the Tafel extrapolation technique. According to Faraday’s law, the corrosion rate 

can be measured by the corrosion current density [24]:  

 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (
𝑚𝑚

𝑦
) =

3.16×108𝑖𝑐𝑜𝑟𝑟𝑀

𝑧𝐹𝜌
                           (1) 

 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

3006 

where M and icorr are the molar mass of a metal and the corrosion current density, respectively. 

F and z are Faraday’s constant and the number of electrons transferred for each metal atom, respectively. 

ρ is the metal density (g/cm3).  

 

 

Table 2. Fitting parameters of the samples attained from polarization plots in a 10 wt% H2SO4 solution 

at 25 °C. 

 

Alloys Corrosion current 

density (Acm-2) 

Corrosion 

potential (V) 

-βa  

(mVdec-1) 

βc  

(mVdec-1) 

Corrosion rate 

(mm/year) 

Carbon 

steel 

0.00827 -0.395 22 52 7.6 

0.2 wt% 

Si 

0.00754 -0.346 25 59 5.2 

0.5 wt% 

Si 

0.00562 -0.328 28 56 4.3 

0.9 wt% 

Si 

0.00089 -0.218 33 54 2.1 

 

The corrosion potential of the 0.9 wt% Si sample was significantly more positive than the other 

steels, which indicates that the self-corrosion potential increased after the addition of Si. Beyond that, 

the cathodic curves of samples shifted downwards when the Si content increased, which indicated that 

the cathode reaction rates were relatively lower at this stage [25]. The polarization data are summarized 

in table 2 which indicates the valuable effects of Si alloy. The differences in the corrosion rates might 

be due to the ohmic drop caused by the solution resistance, which occurred during the polarization test 

[26]. As shown in table 2, the reduction of corrosion rate with increasing Si content can be attributed to 

the the amount of Si in alloyed carbon steel rebar, which makes it more resistant towards corrosion and 

one of the most widely used carbon steel alloys in reinforced concretes. Furthermore, the resistance to 

pitting corrosion can be controlled by the use of Si. Moreover, the anodic Tafel slope (βa), the cathodic 

Tafel slope (βc) as well as the corrosion current density (icorr) were determined from the Tafel 

extrapolation method. As shown in table 2, βa and βc values change with the concentration of Si. The 

change in Tafel slope values can be used to identify the inhibition mechanism (anodic or cathodic) for 

carbon steel, the concentration of the electrolyte, the composition of the working electrode and charge 

transfer coefficient [27]. The values of the cathodic Tafel slopes, significantly unchange with the Si 

addition, which implies that its influence on the cathodic reaction does not modify the mechanism of 

hydrogen evolution discharge [28]. Nevertheless, the values of the slopes of the anodic Tafel lines, 

change significantly with the addition of Si suggesting that there were blockage at the anodic reaction 

sites, and thereby affect the anodic reaction mechanism. Furthermore, with the increase of Si element, 

the anode Tafel slope increases which means Si element could promote the corrosion resistance of steel 

rebars in sulfuric acid solution.  

In order to approve the polarization results and obtain a deeper insight into the influence of Si 

amount on the corrosion behavior of alloyed carbon steel, the EIS measurements were done in a 10 wt% 

sulfuric solution at 25 °C temperature. 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

3007 

 

 
Figure 2. Nyquist plots of carbon steel rebar with different Si content in a 10 wt% sulfuric solution at 

25 °C temperature 

 

Figure 2 indicates Nyquist plots attained for the carbon steels with different Si contents under 

the open-circuit potential at a 10 wt% sulfuric solution. As revealed in Figure 2, two semicircles appeared 

in the electrochemical impedance spectra of the samples, indicating a capacitive semicircle and inductive 

loop in the high-medium and low frequency ranges, respectively. The capacitive semicircle characterizes 

the active state of the interface when the carbon steel is exposed to the sulfuric acid solution [29]. 

Furthermore, the inductive loop occurred at low frequency, can be associated to the adsorbed species 

onto the steel that develops the corrosion rate [30, 31]. 

 

 
Figure 3. Equivalent impedance circuit for EIS data 

 

Figure 3 shows an equivalent circuit model utilized to fit the above EIS results. Rs is the resistance 

of electrolyte solution. CPE1 and Rf are the capacitance and resistance of reinforced concrete, 

respectively. CPE2 and Rct are the double-layer capacitance and the charge transfer resistance of the 

steel-electrolyte interface. Constant phase elements were often used for data fitting of depressed 

semicircles [32].  
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Table 3. Electrochemical parameters obtained from the fitting of the equivalent circuit model for 

different content of Si in a 10 wt% sulfuric solution at 25 °C temperature 

 
Alloys Rs (Ω cm2) Rf (Ω cm2) CPEf (μF cm-2) Rct (Ω cm2) CPEdl (μF cm-2) 

Carbon steel 58.6 295 0.32 480 0.41 

0.2 wt% Si 77.1 346 0.28 590 0.35 

0.5 wt% Si 69.6 387 0.24 630 0.29 

0.9 wt% Si 84.6 498 0.21 760 0.25 

 

 

Table 4 shows the fitted EIS data. Polarization resistance, Rp (Rp = Rf + Rct) is an assessable 

indicator to study the corrosion resistance of carbon steel in the corrosive environment. Thus, the higher 

the Rp value reveals a higher value of corrosion resistance for the sample [33]. Furthermore, the arc 

diameter in the Nyquist diagrams can be considered as Rp, and the reduction of the arc diameter reveals 

a decrease in Rp. Based on table 3, increasing the Si contents indicate a significantly enhancement in the 

value of Rp, indicating high corrosion resistance of 0.9 wt% Si samples. 

Carbon steel samples with high Si content indicated relatively well corrosion resistance 

compared to carbon steel with low alloyed. The pitting corrosion appeared after a long-term exposure to 

aggressive environment, which can be related to high Si content.  

 

 

 
 

Figure 4. Mass loss of the samples with different Si content and various exposure times in a 10 wt% 

sulfuric solution at 25 °C temperature 

 

 

After corrosion testing, the concrete samples were broken and the rebars were removed. Then 

the rebars were polished using sandpaper and steel brushes to eliminate residual rust and concrete from 

the surface of steels. Then, they were soaked for 15 min in a 10% sulfuric acid, and re-polished. Finally, 

they were placed in the oven to slowly dry, and weighed with 0.01 g accuracy. As shown in Fig. 4, with 

increasing exposure time, the mass loss of the steel rebars in 10 wt% sulfuric acid solution were 
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increased. Furthermore, As the Si content increases, the mass loss becomes lower and lower, indicating 

reduction of mass loss rate in carbon steel with the increase of Si content. According to the researches 

by Melchers [34] and Tamura [35], the decreased mass-loss rate of the rebar can be attributed to the 

mechanical isolation effect of the rust layer on the direct contact between the rebar matrix and the 

electrolyte solution. This is in full accordance with the results of EIS analysis. 

 

 
 

 

Figure 5. Open circuit potential of the samples with different Si content and various exposure time in a 

10 wt% sulfuric solution at 25 °C temperature 

 

Half-cell potential measurement technique is a well-known methods to determine the corrosion 

of rebar in concrete [36]. In this technique, the potential difference between a reference electrode and 

rebar embedded into concrete is measured in according to ASTM C-876 [37]. Figure 5 reveals the 

potential measurement for 16 weeks. As shown, with the increase the Si content in carbon steel rebar, 

the potential of samples shift towards more positive values which is noticeable in the rebar with 0.9 wt% 

Si content. 

The chemical and electrochemical measurements support only the final conclusions about the 

effectiveness of adding Si to the corrosion resistance of carbon steels. Thus, surface morphology analysis 

was done to consider the corrosion behavior of Si-containing carbon steel rebars. Figure 6 indicates SEM 

images of the samples with different Si content after 8 weeks exposure in 10 wt% H2SO4 solution. No 

pitting appeared on the sample with 0.9 wt% Si. The surface of the carbon steel was uneven and rough 

compared to the Si-containing carbon steels. Therefore, corrosion damage to the carbon steels reduced 

with increasing Si content, indicating that the Si addition delays the corrosion process.  
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Figure 6. SEM images of the samples with different Si content (a) carbon steel (b) 0.2 wt% (c) 0.5 wt% 

(d) 0.9 wt% after 8 weeks exposure time in a 10 wt% sulfuric solution at 25 °C temperature 

 

 

4. CONCLUSIONS 

Recent studies show that the micro-alloyed steel rebars can improve the corrosion behavior of 

steel reinforced concretes in an aggressive environment. Here, silicon as an alloying element was 

selected to study the alloy effects on corrosion resistance of carbon steel rebar in sulfuric acid 

environment. Mass loss, polarization, OCP and EIS analysis were used to investigate corrosion behavior 

of micro-alloyed steel rebar. The polarization results indicate that the corrosion potential had shifted to 

a more noble direction and the current density at the anode decreased slightly because of the Si addition. 

Based on EIS results, increasing the Si contents indicate a significantly enhancement in the value of 

polarization resistance, indicating a high corrosion resistance of 0.9 wt% Si samples. The mass loss 

measurements showed a decrease when the Si content increased, indicating a reduction of mass loss rate 

in carbon steel with the increase of Si content which was in full accordance with the results of EIS 

analysis. The OCP results show that by increasing the Si content in a carbon steel rebar, the corrosion 

potential of the samples had shifted towards more positive values which was noticeable in the rebar with 

0.9 wt% Si content. The surface morphology of the carbon steel indicated superlative more uneven and 

rough compared to the Si-containing carbon steels after 8 weeks exposure to 10 wt% sulfuric acid 

environments. 
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