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As a new structural building material, carbon fiber-reinforced concrete has very good flexural strength, 

wear resistance and impermeability. However, because carbon fiber is a good conductor, the durability 

of reinforced concrete structures may be affected if it comes into contact with steel bars in the concrete, 

thus allowing the formation of a galvanic couple. In this paper, electrochemical tests and corrosion 

weightlessness experiments were carried out in a pore fluid of concrete with a pH of 12.5. The results 

showed that when carbon fiber was coupled with carbon steel, the double layer capacitance (Cdl) 

increased and the charge transfer resistance (Rct) decreased. The thickness of the passivation film 

decreased, and the protective performance of the passivation film on the carbon steel decreased. 

Moreover, the corrosion potential of the carbon steel increased, the corrosion current density increased, 

and the corrosion rate of the carbon steel increased. An XPS analysis confirmed the results of the 

electrochemical experiments. After carbon fiber coupling, the ratio of Fe3+/Fe2+ on the surface of the 

carbon steel decreased, and the stability of the passive film on the surface of the carbon steel decreased. 

Although coupling with carbon fiber had a negative effect on the passivation of the carbon steel, the 

surface of the carbon steel could still maintain good passivation in a chloride-free simulated pore fluid 

environment. 
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1. INTRODUCTION 

Reinforced concrete refers to a composite structural building material composed of steel and 

concrete. Among them, concrete is a kind of artificial stone material that is composed of cementitious 
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material, water, and coarse and fine aggregate that are all mixed in a proper proportion and then hardened 

for a period of time [1–4]. Concrete structures are durable and have a high compressive strength. 

However, they also have some disadvantages, such as an obvious deficiency in tensile strength. 

Generally, its tensile strength is only one-tenth of its compressive strength. Under a large bending stress, 

the concrete structure easily cracks and then fails [5–8]. The concrete structure is not resistant to bending 

stress, which limits its application to a large extent. At present, the corrosion and protection measures of 

reinforced concrete structures have become a very concerning and focused research problem in 

international related fields [9–15]. Through a case study of steel corrosion in different concrete, 

reasonable corrosion protection measures are used to extend the service life of reinforced concrete [16–

19]. The application of fiber composite materials in the field of civil engineering began in the 1970s. In 

the late 20th century, the mass production of engineering fiber was realized. The price of fiber in the 

international material market has been greatly reduced, and the strengthening of concrete structures with 

fiber-reinforced composite materials has become an economic and feasible method, which has gradually 

attracted the attention of experts in the construction field. Among them, the reinforcement of concrete 

structures with carbon fiber composites has begun to gradually replace the traditional method [20–22]. 

As a new composite material, carbon fiber reinforced concrete has not only excellent physical 

and chemical properties but also better flexural strength, compressive strength, wear-resistance and 

impermeability compared to that of traditional concrete. In addition, due to the good conductivity of 

carbon fiber, the concrete structure after adding carbon fiber can also meet some special requirements, 

such as meeting the requirements of concrete stress monitoring, shielding electromagnetic interference 

and reducing the driving voltage of concrete during cathodic protection [23–26]. However, carbon fiber 

has a large specific surface area, which may affect the porosity and permeability of concrete after being 

mixed with concrete; furthermore, it may affect the corrosion of steel bars in concrete, and thus the 

durability of concrete. The research of Hou et al. [27] shows that adding 0.5% (mass fraction of cement) 

carbon fiber can reduce the volume resistivity of concrete, thus reducing the corrosion resistance of steel 

bars in concrete, especially in corrosive environments with high concentrations of chloride ions. Garces 

et al. [28] found that adding a certain proportion of carbon fiber into cement will slow down the corrosion 

of steel bars, and the corrosion degree of steel bars will decrease with an increase in the amount of carbon 

fiber. Therefore, there is no clear conclusion about the influence of carbon fiber on the corrosion of steel 

bars in carbon fiber reinforced concrete structures. Therefore, there is no clear conclusion about the 

influence of carbon fiber on the corrosion of steel bars in carbon fiber-reinforced concrete structures. In 

addition, carbon fiber is a kind of conductive material and has a positive potential compared with steel 

bars [29–34]. If it comes into contact with a steel bar in the concrete structure, it will produce a galvanic 

effect. 

The methods of detecting the corrosion degree of steel bars in concrete can be divided into 

physical methods and electrochemical methods. Physical methods include the ray method, resistance 

method, acoustic emission method, impact echo method, eddy current method, magnetic field method 

and ultrasonic method [35–39]. The principle of using physical detection means that the physical 

properties of steel bars have changed before and after corrosion, such as shape, size, electrical 

performance, thermal performance and other physical properties. Therefore, the corrosion and degree 

can be determined by detecting these physical indicators during the service period of steel bars in 
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concrete [40–42]. In essence, the occurrence of steel corrosion in concrete is actually the result of a series 

of complex electrochemical reaction processes, so the use of electrochemical field test methods can more 

accurately describe the corrosion process and degree of steel in concrete. Electrochemical methods are 

used in the field of corrosion detection, and different monitoring methods are derived according to 

different needs [43–45]. Generally, corrosion detection in engineering practice requires that the impact 

and disturbance of the detection method on the material be as small as possible, so it is generally 

necessary to select an in situ nondestructive testing method. In this paper, the influence of carbon fibers 

on the corrosion behavior of steel bars in a concrete environment is studied systematically, and the 

influence of the pH value on the system is studied deeply. 

 

 

 

2. EXPERIMENTAL 

Once the carbon fiber and steel bar are in contact with the aqueous solution at the same time, the 

potential difference between the two naturally forms an electric pair, local corrosion occurs when steel 

bars act as anodes. Therefore, the study of the corrosion of the carbon fiber coupled to steel in concrete 

environment is essential. The carbon fiber used in the experiment is CCF303K carbon fiber. The carbon 

steel sample used in the electrochemical experiment is Q235 carbon steel reinforcement, which is 

processed into a sample with a diameter of 1.0 cm and a length of 1 cm. The front side is used as the 

working surface, the back side is welded to a copper wire lead, and the side and back side are sealed 

with epoxy resin; thus, an electrochemical test electrode is made. Before the test, the steel sample is 

polished with sandpaper, washed with deionized water, wiped with acetone and alcohol, and dried with 

hot air before use. Before the test, the working surface is sealed with epoxy resin, leaving a working 

surface of 0.4 cm2. 

Preparation of the carbon fiber sample: A bunch of carbon fiber is wound around a PVC plastic 

sheet. The back of the PVC sheet is covered with epoxy resin to make the carbon fiber on the front side 

contact the copper wire. The length of the carbon fiber on the front of the PVC plastic sheet is 5 cm. A 

carbon fiber coupled carbon steel specimen is made by connecting the outer end of the carbon fiber 

specimen and the reinforcement specimen with an electric wire. 

Concrete pore medium preparation: A saturated calcium hydroxide solution serves as the 

concrete pore medium solution. The pH value is approximately 10. The mass fraction of NaCl in the 

concrete pore medium is 1.0%. The concentration of sodium molybdate is 0.5 g/L. All reagents are 

analytically pure and are provided by Shanghai Aladdin Bio-Chem Technology Co., LTD. Distilled 

water is used for dissolution. 

Electrochemical analysis: The polarization curve is measured by a CS350 electrochemical 

system. The initial potential is the open circuit potential, and the scanning rate is 0.5 mV/s. The working 

electrode is a carbon steel sample, carbon fiber sample or carbon steel sample coupled with a carbon 

fiber sample. The reference electrode is a saturated calomel electrode, and the auxiliary electrode is a 

platinum electrode. A CS350 electrochemical test system is also used for the galvanic current test. The 

carbon steel sample is connected with WE2, the carbon fiber sample is connected with WE1, and a 

saturated calomel electrode is used as the reference electrode for current and potential monitoring. The 
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polarization parameters, such as corrosion current density, corrosion potential, and breakdown potential, 

are analyzed with software attached to the test instrument. EIS measurements are performed at the open-

circuit potential. The frequency range is from 100 kHz to 0.01 Hz. The amplitude of the signal is 5 mV. 

 

 

3. RESULTS AND DISCUSSION 

The open circuit potential of the carbon steel sample, carbon fiber coupled to steel and carbon 

fiber sample in a pore fluid with a pH of 10 are monitored. The test time is 2 h, and the results are shown 

in Figure 1A. In the figure, the corrosion potential of the carbon steel sample first increases rapidly, 

reaches its highest potential value of - 120 mV in 0.25 h, and then decreases slowly; after 2 h, it is 

approximately - 170 mV. It can be seen that the potential of the carbon steel sample can basically be 

stable after soaking in the pore solution at pH 10 for 2 h. Therefore, before the subsequent polarization 

curve and impedance test, the carbon steel sample is prepassivated in the pore solution for 2 h. In Figure 

1A, the corrosion potential of the carbon fiber sample basically changes little with the extension of 

immersion time. The corrosion potential of the carbon fiber coupled to steel increase slightly with 

immersion time and stabilize at -104 mV after 1 h. The corrosion potential of carbon steel with carbon 

fiber coupling is between that of carbon fiber and carbon steel, which is slightly negative than that of 

carbon fiber [46–48]. The results show that carbon steel has an anodic polarization after coupling with 

carbon fiber. 

The anodic polarization curve of the carbon steel sample is tested after 2 h of prepassivation, and 

the results are shown in Figure 1B. It can be seen that carbon steel is in a good passivation state in a 

potential range of 0 mV-600 mV. The passivation potential of carbon steel increases, and the passivation 

area narrows after coupling with carbon fiber. The increase in corrosion current density is by 

approximately one order of magnitude, which shows that the passivation ability of carbon steel decreases 

and the corrosion rate increases after coupling with carbon fiber. 

 
 

Figure 1. (A) Open circuit potential – time curves of steel, carbon fiber sample and carbon fiber coupled 

to steel in the pH 10 pore solution. (B) Polarization curves of the steel and carbon fiber coupled 

to steel in the pH 10 pore solution. 
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The EIS test provides potential, impedance and phase angle data for the chosen frequency 

spectrum. These data can be plotted in different formats to better understand the corrosion state of the 

system, coating saturation and resistivity of the concrete [49–52]. A Bode plot is plotted with the 

modulus of impedance and the phase angle as a function of the frequency of the alternating current. On 

the other hand, the Nyquist plot presents real and imaginary components of the complex impedance 

response [53–55]. After the prepassivation treatment of the carbon steel sample, an impedance test is 

carried out, and the results are shown in Figure 2A. The impedance spectrum of carbon steel in the 

simulated pore fluid of concrete has an obvious capacitive arc in the middle and low frequency, which 

reflects the electrochemical characteristics of the carbon steel surface. The radius of the capacitive arc 

is smaller than that of carbon steel. Figure 2B shows that the impedance value of carbon steel coupled 

with carbon fiber at 0.01 Hz is 3 × 103 Ω·cm2. The |Z|0.01Hz of carbon steel without the carbon fiber 

coupling is 8 × 105 Ω·cm2. Therefore, the resistance of carbon steel will be reduced after coupling with 

carbon fiber. In the impedance phase angle diagram (Figure 2C), a new peak appears in a frequency 

range of 10-1000 Hz, which indicates that a time constant is added to the impedance diagram after 

coupling with carbon fiber. The reason for the decrease in the low-frequency impedance value of carbon 

steel after coupling with carbon fiber is that the resistance value of the carbon fiber sample decreases 

after coupling, and it may also come from the contribution of the decrease in the surface impedance 

value of carbon steel [56–58]. To obtain the information of the carbon steel surface, equivalent circuit 

fitting of the impedance spectrum is carried out. Table 1 shows the coupling of the carbon fiber on the 

fitted parameters of the EIS diagrams for reinforcement. Upon coupling the carbon fiber to the steel, 

both Rc and Rct increase significantly. The film resistance of the corrosion products and the charge 

transfer resistance of the electrochemical reaction are markedly enhanced. In general, the passivation 

film and corrosion product films on the metal surface possess semiconductor properties. Based on the 

Mott–Schottky theory, the film is an n-type semiconductor when the slope of the Mott–Schottky curve 

is positive and a p-type semiconductor when the slope is negative [59–61]. 

 

 

 
 

Figure 2. (A) Nyquist plots, (B-C) Bode plots of the steel and steel samples with carbon fibers in the pH 

10 pore solution. 

 

The prepared carbon steel sample and carbon steel sample coupled with carbon fiber are 

prepassivated in the pore liquid with a pH of 10 for 2 h. After treatment, the surface is dried with alcohol 

for XPS testing. The test results are shown in Figure 3. Figure 3A shows the total spectrum, and 3b 
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shows the narrow scanning spectrum and split peak fitting of Fe. As shown in Figure 3a, the surface of 

carbon steel after prepassivation in the pH 10 pore solution contains four elements: C, Ca, O and Fe. 

Since C is an external standard element, its content is greatly affected by pollutants. The content of Ca 

on the surface of carbon steel is 2.81%, which is mainly from the deposition of Ca(OH)2 and CaCO3 on 

the surface of carbon steel. 

 

 

Table 1. EIS parameters of the steel and steel samples with carbon fibers in the pH 10 pore solution. 

 

Sample Rs (Ω/cm2) nc Rc (Ω/cm2) ndl Rct (kΩ/cm2) 

Steel 5.5 11.2 0.23 0.282 0.31 

With carbon fiber 6.2 2.25 18.51 0.505 80.07 

Carbon fiber 5.1 3.51 9.66 0.407 62.25 

 

O mainly exists with the Fe, Ca and impure water [62–65]. The Fe on the surface of the carbon 

steel undergoes a narrow scan, and the results are shown in Figure 3B. The passive film of carbon steel 

in the simulated pore fluid may contain FeOOH, Fe2O3, FeO, Fe3O4, Fe3C and Fe. Fe3+ is found in 

FeOOH, Fe2O3 and Fe3O4, and its characteristic peak is 710.8 eV. Fe2+ is in FeO and Fe3O4, and its 

characteristic peaks are 709.6 eV and 714 eV. The characteristic peak of Fe in cementite Fe3C is 707.3 

eV and that of Fe is 706.6 eV. According to the fitting calculation, Fe3+ accounts for 61.7% of the total 

Fe content, Fe2+ accounts for 16.9% of the total Fe content, Fe accounts for 11% of the total Fe content 

in Fe3C, and Fe accounts for 8.9% of the total Fe content. It can be seen from the narrow spectrum of Fe 

that the passivation film formed on the surface of carbon steel is mainly composed of Fe3+, with the 

presence of small amounts of Fe2+, Fe3C and Fe. Based on the above analysis, the surface corrosion 

products of casing steel can be speculated to be mainly composed of FeCO3, Fe3O4 and a small amount 

of Fe(OH)2. FeCl2 is an intermediate product that forms during the catalytic corrosion of steel [66–70]. 

 

 
 

Figure 3. (A) XPS survey and (B) Fe 2p3/2 scan for the steel in the pH 10 concrete pore solution. 
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Figure 4 is the XPS scanning spectrum of the prepassivated carbon steel sample coupled with 

carbon fiber; Figure 4A is the total spectrum and 4B is the narrow scanning spectrum and peak fitting of 

Fe. The results show that the content of Ca(OH)2 and CaO3 on the surface of carbon steel decreases after 

coupling with carbon fiber; that is, the content of Ca(OH)2 and CaO3 on the surface of the carbon steel 

decreases after coupling with carbon fiber. The results show that Fe3+ is 62.6%, Fe2+ is 21.7%, Fe3C is 

5.1%, and Fe is 8.2%. It can be seen from the narrow spectrum of Fe that the content of Fe2+ on the 

surface of the carbon steel increases after coupling with carbon fiber. The content ratio of Fe3+ and Fe2+ 

is used to measure the protective performance of the passive film. The higher the ratio of Fe3+/Fe2+ is, 

the higher the FeOOH and Fe2O3 content in the film, and the better the stability of the film. In contrast, 

the lower the ratio is, the higher the content of FeO and Fe3O4 in the film, and the film is more unstable; 

in other words, the protection performance of the film is worse. Comparing the Fe3+/Fe2+ content ratio 

of the carbon steel film before and after coupling, it is found that the Fe3+/Fe2+ ratio decreases after 

coupling with carbon fiber, which indicates that the Fe2+ content of the passive film on the carbon steel 

surface increases after coupling with carbon fiber, and the protective performance of the passive film on 

the carbon steel surface decreases. 

 

 
Figure 4. (A) XPS survey and (B) Fe 2p3/2 scan for the carbon fiber coupled to steel in the pH 10 

concrete pore solution. 

 

 

We also studied the effect of coupling different volumes of carbon fiber on the electrochemical 

behavior of carbon steel by using an anodic polarization curve, an impedance test and an XPS analysis. 

Figure 5 shows the anodic polarization curve of carbon steel with carbon fibers lengths of 5 cm and 10 

cm after the prepassivation treatment. Figure 5 shows that the passivation range of the anodic 

polarization curve of carbon steel coupled with the 5-cm carbon fiber becomes narrow and the 

passivation potential increases. The passivation zone of the anodic polarization curve of carbon steel 

becomes less obvious after the coupling amount is doubled. The current density increases with increasing 

potential in the anode area. The results show that the passivation ability of the carbon steel surface 

decreases with an increasing amount of carbon fiber. 
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Figure 5. Anodic polarization curves of the carbon steel coupled with 5 cm and 10 cm lengths of carbon 

fiber in the pH 10 pore solutions. 

 

 

Figure 6 is the impedance spectrum of the carbon steel coupled with different lengths of carbon 

fiber. As shown in Figure 6, the spectrum of carbon steel shows little change when coupled with an 

increasing amount of carbon fiber. After coupling with carbon fiber, the Cdl of carbon steel increases by 

approximately three orders of magnitude, the Rct decreases by approximately five orders of magnitude, 

the coupling amount of carbon fiber increases by times, and the Cdl and Rct decrease slightly; for the Cdl 

and Rct, the change is not large and is still in the same order of magnitude. The changes in impedance Cf 

and Rf of the carbon steel surface with an alkaline coating are similar to those of Cdl and Rct. After the 

carbon fiber coupling, Cf increases by two orders of magnitude.  

 

 
 

Figure 6. (A) Nyquist plots and (B-C) Bode plots of the steel samples with various amounts of carbon 

fiber in the pH 10 pore solution. 

 

With the doubling of the coupling amount, Cf increases slightly. Rf decreases by two orders of 

magnitude after the carbon fiber coupling. With the doubling of the carbon fiber coupling amount, the 

change is not significant. The impedance values of Ccf and Rcf on the surface of the carbon fiber remain 

basically the same. The results of the impedance measurements show that the electrochemical state of 
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the carbon steel surface is greatly affected by the coupled carbon fiber in the pore solution with a pH of 

10; however, the change in Cdl and Rct on the surface of the carbon steel is not significant when the 

coupling amount of carbon fiber is doubled. 

An XPS scanning spectrum of the carbon steel sample passivated by coupling with carbon fiber 

is obtained. According to the peak fitting calculation, Fe3+ accounts for 52.5% of the total Fe content, 

and Fe2+ accounts for 21.7% of the total Fe content. At this time, the content ratio of Fe3+/Fe2+ is 2.2. In 

conclusion, with an increase in the amount of carbon fiber, the content of Fe3+/Fe2+ and Fe3+ decrease, 

so the protective performance of the passive film on the surface of the carbon steel decreases with the 

increase in the amount of carbon fiber. 

 

 

 

4. CONCLUSION 

We studied the effect of carbon fiber on the corrosion of reinforced concrete in a pH 10 pore 

solution. It was found that the potential of carbon steel after coupling with carbon fiber shifted positively, 

and the stable mixed potential was between the carbon fiber and carbon steel. After coupling with carbon 

fiber, the passivation potential of the carbon steel increased, the corrosion current density increased 

slightly, and the corrosion rate increased slightly. After coupling with carbon fiber, the thickness of the 

passivation film on the carbon steel surface decreased, the ratio of Fe3+/Fe2+ in the passivation film 

decreased, and the protective performance of the passivation film on the carbon steel decreased. 
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