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1. Introduction

  Carbon fiber reinforced concrete (CFRC) has many ex-
cellent physical and chemical properties [1-4], compared 
with the conventional reinforced concrete structural 
materials. Because of the good electrical conductivity of 
carbon fiber (CF), CFRC could achieve some special re-
quirements, such as stress monitoring, temperature mon-
itoring, self-sensing of strain and electromagnetic shield-
ing [5,6]. Basically, carbon fiber materials have been used 
in reinforced concrete structures in two ways. One is mix-
ing some short carbon fibers into reinforced concrete or 
part of concrete cover, so as to achieve excellent enhance-
ment effects [7,8]. Another way is to use carbon fiber-re-
inforced polymer composites (CFRP) or carbon fiber lami-
nates (sheets) to strengthen or repair the reinforced con-
crete structure [9,10]. No matter in which way, it is likely 
for fibers to contact with reinforcing steels in concretes. 
Because the potential of carbon fiber is more positive than 
that of the steel, the contact between these two materials 
will form a galvanic couple, then as the anode the steel 
might suffer an accelerated corrosion. 
  Some researchers have studied the galvanic corrosion 
between carbon fibers and steel in simulated seawater and 

antifreeze solutions. The results showed the existence of 
galvanic corrosion if the exposed conductive carbon fiber 
in the reinforced composite material contacts with steels, 
and steel corrosion could be aggravated by galvanic action 
[11-13]. Some researchers pointed out that the galvanic 
action could also accelerated the degradation of carbon 
fiber-reinforced polymer composites [14]. So, it has been 
suggested to use a thicker non-conductive layer (such as 
epoxy film or a GFRP sheet) to isolate the carbon and 
the steel to reduce the possibility of galvanic corrosion 
and slow the corrosion rate of the steel [15]. However, 
few materials could retain their insulating properties for 
more than a few years due to wear, chemical breakdown 
or electrolyte adsorption [16]. If the steel rebar is coated 
but damaged, the corrosion rate of the steel would increase 
ten times compared to CFPR-uncoated bar couples [14]. 
Generally, within the high alkaline environment of con-
crete (pH 12.5~13.3), reinforcing steel is well protected 
against corrosion by a passive oxide film formed on the 
surface. However, the concrete carbonation causes the de-
passivation of steel. When the pH of concrete pore sol-
ution drops to 11.5, the stability of the passive film on 
carbon steel surface is difficult to maintain [17]. Many 
researchers have studied the effect of concrete pH on the 
corrosion behavior of steels [18]. But under the circum-
stance when carbon fibers contacts with steel in concrete 
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environment, the effect of pH variation on the corrosion 
of carbon steel was rarely reported. In this paper, the effect 
of coupling carbon fibers on the surface passivation and 
the electrochemical behavior of carbon steel in simulated 
concrete pore solutions with three pH values from high 
alkaline to slight carbonation conditions were investigated. 
The influence of coupling area of carbon fibers on the elec-
trochemical behavior of carbon steel was also investigated.

2. Experimental methods

2.1 Materials 
  The study material was Q235 carbon steel with the 
chemical composition (wt%): 0.37% C, 0.16% Si, 0.32% 
Mn, 0.053% S, 0.026% P, and the balance Fe. Three types 
of simulated concrete pore solutions (SPSs) were selected 
to present pore solutions within a high alkaline, alkaline 
and slightly carbonated concrete environment [19]. The 
chemical compositions of the SPSs were 3.7 g/L NaOH 
+ 10.5 g/L KOH + 2.0 g/L Ca(OH)2 (pH 13.3), 2.0 g/L 
Ca(OH)2 (pH 12.5), 0.0833 g/L NaOH + 0.233 g/L KOH 
(pH 11.6), respectively.
  The steel rebar with 1 cm diameter was cut into 1 cm 
length as steel sample. One surface of the sample was 
abraded with emery papers up to 1000 grit, rinsed in de-
ionized water and degreased with acetone, finally dried 
in warm air. The sample was covered with epoxy resin, 
leaving an area of 0.4 cm2 exposed to the test solution.
A bunch of carbon fibers were entangled around the PVC 
plastic sheet and the back side of the PVC sheet was en-
capsulated with epoxy to make the carbon fibers contact 
with copper wire. The lengths of the exposed carbon fibers 
were 5 cm and 10 cm, respectively. The schematic is 
shown in Fig. 1a. Steel sample with carbon fibers coupling 
was prepared by connecting carbon fiber sample and steel 
sample with copper wire, as shown in Fig. 1b.
  The size of carbon steel sample for weight loss test 
was 15 mm × 10 mm × 2 mm. The steel sheet was 

punched on one end. The steel surface was cleaned with 
emery papers up to 1000 grit and then rinsed in deionized 
water and acetone. The sample with carbon fibers coupling 
was prepared by passing through the punched hole with 
a bunch of carbon fibers. 
  The carbon fiber used in the test was CCF300 3K car-
bon fiber (China). 3K meant 3000 pieces carbon fiber in 
each bunch. Carbon fibers were PAN based, with tensile 
strength of 3800-4100 MPa and tensile modulus of 
221-239 GPa. The diameter of carbon fiber was 7 μm. 
The surface area per unit length for each bunch was 6.5 
cm2/cm. The amount of carbon fibers in the test was repre-
sented by the length of a bunch of carbon fibers.

2.2. Measurement techniques
2.2.1 Electrochemical measurements
  The polarization measurement was carried out with a 
CS350 electrochemical test system (Wuhan Corrtest 
Instrument Co., China). The polarization test started from 
the open circuit potential and deviated in the anodic direc-
tion at a scan rate of 0.6 mV/s. The electrochemical im-
pedance (EIS) test was performed at open circuit potential 
by a Parstat 2273 electrochemical test system (Princeton). 
The amplitude of the AC voltage signal was 5 mV and 
the frequency varied between 10-2 and 105 Hz. The electro-
chemical tests were conducted under room temperature 
using a three-electrode system with the samples as work-
ing electrode, a saturated calomel electrode (SCE) as refer-
ence electrode and a platinum electrode as the counter 
electrode. Before the test, steel samples were all pre-passi-
vated in SPSs for two hours.
  Galvanic current test was employed with the CS350 
electrochemical test system. The steel sample and carbon 
fiber sample were connected with WE2 and WE1, 
respectively.

2.2.2 Weight loss test
  The steel sample and the steel sample with carbon fibers 
coupling were immersed in the simulated pore solutions 

Fig. 1 Schematic diagrams of electrochemical test samples: (a) CF sample; (b) steel sample with CF sample coupling. 



INFLUENCE OF CARBON FIBER ON CORROSION BEHAVIOR OF CARBON STEEL IN SIMULATED CONCRETE PORE SOLUTIONS

177CORROSION SCIENCE AND TECHNOLOGY Vol.16, No.4, 2017

for 21 days, and then the steel surface was cleaned using 
a 20% HCl + 5% methenamine solution if there was corro-
sion products covered. The metallographic microscope 
was used to observe the surface morphology and the corro-
sion rate was calculated. The surface area of the steel was 
400 mm2. After coupling with 5 cm and 10 cm long carbon 
fibers, the corresponding area ratio of the steel to carbon 
fibers was 12.31 and 6.15, respectively.

2.2.3 Surface Analysis
  The chemical composition of the surface film on the 
steel surface was analyzed by X-ray photoelectron spectro-
scopy (Model ESCALAB 250, ThermoFisher Scientific, 
USA). The surface area ratio of steel to carbon fibers was 
the same as that for weight loss test.

3. Results and Discussion

3.1 The potentials monitoring and galvanic current 
measurements between carbon fibers and the steel
  The open circuit potentials of steel sample, carbon fi-
bers sample and steel sample coupling with carbon fibers 
were monitored in the pH 12.5 SPS, and the galvanic cur-
rent measurements were carried out for the coupling 
sample. Fig. 2 shows the results. As seen in Fig. 2a, the 

potentials of three types of samples were all towards sta-
bility after immersion for 2 h. Before coupling, the steel 
potential was about -410 mV and the potential for carbon 
fibers maintained at -90 mV. After coupling, the system 
reached a mixed potential around -190 mV, which was 
more positively than the steel before coupling. So, the 
steel would suffer anodic polarization being the anode of 
the couple. In Fig. 2b, the galvanic current was typically 
between 0.1 μA/cm2 and 0.3 μA/cm2 with small amplitude 
of fluctuations occasionally. After the test, no apparent 
corrosion signs were observed on the steel surface. In the 
literature [20], less than 0.1 μA/cm2 currents indicate neg-

 

Fig. 2 Open circuit potential-time curves (a) and galvanic cur-
rent-time curves (b) for samples in SPS (pH 12.5).

Fig. 3 Anodic polarization curves of the steel samples before and 
after coupling with CF in three SPSs. 
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ligible corrosion level; more than 1 μA/cm2 indicates high 
level of corrosion. Hence, the galvanic current probably 
had some influence on the corrosion of the steel. 

3.2 The influence of carbon fiber coupling on the 
polarization and EIS of carbon steel in SPSs
  Fig. 3 shows the anodic polarization curves of the steel 
samples and steel samples with carbon fiber coupling in 
three types of pore solutions. Before coupling, obvious 
passive regions were observed on the steel polarization 
curves in all solutions, which indicated that the steel sur-

face could stay in the passive condition in a wide potential 
range. After coupling, the corrosion potentials moved pos-
itively with no apparent passive region and the corrosion 
current density increased. This meant that coupling with 
carbon fibers could decrease the passive property of the 
steel surface.
  The EIS plots of the carbon steel before and after cou-
pling in pore solutions are illustrated in Fig. 4. Before 
coupling, an obvious capacitive arc was observed at me-
dium and low frequencies for the steel. After coupling, 
the radius of the arc reduced apparently, and the im-
pedance at 0.01 Hz frequency (|Z|0.01Hz) dropped by two 
orders of magnitude. The reasons for the drop of the im-
pedance were analyzed. One reason may result from the 
decrease of the integral resistance of the couple system 
after coupling with conductive carbon fibers. The other 
one might due to the decrease of the surface impedance 
of the steel itself. According to the literature [21], the 
current transmission in carbon fiber reinforced concrete 
could be carried in the following three ways: (1) through 
carbon fibers and cement paste, (2) through mutual over-
lapped carbon fibers; (3) through the cement paste 
directly. When carbon fibers and steel are in direct contact 
in simulated pore solutions, the current is carried mainly 
by the steel and fibers together. In order to obtain the 
information of the surface of steel, the EIS data was fitted 
by an equivalent circuit (Fig. 5). Where Rs is the resistance 
of solution, Cdl and Rct are the double-layer capacitance 
and the charge-transfer resistance of the steel surface, 
respectively. Rf and Cf represents the impedance of the 
compact precipitates layer (such as calcium hydroxide et 
al.) on the steel film [22]. RCF and CCF are the resistance 
and capacitance respectively, which are introduced after 
carbon fibers coupling.
  The fitting result is shown in Table.1. It can be seen 
that, after coupling with carbon fibers, the Rct of steel 
decreased by 3~4 orders of magnitude and Cdl increased 
by 2~3 orders of magnitude. It could be speculated that 

Fig. 4 Nyquist plots of steel samples before and after CF coupling 
in three SPSs.

Fig. 5 Equivalent circuit used to model the EIS plots of steel sam-
ple coupling with carbon fibers in pore solution.
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the changes of Rct and Cdl and the parallel connection 
with carbon fibers were the two main reasons for the de-
crease of the steel impedance. Rct is the parameter which 
could reflect the mass transfer ability in the passive film. 
The lager the Rct value, the better passivation the steel 
has. The data in Table.1 indicated that in three types of 
pore solutions, after coupling with carbon fibers, the pro-
tective property of the film on steel surface decreased. 
  For the steel electrode, the capacitance of the passiva-
tion film formed on the steel can be simulated by plate 
capacitor. It can be assumed that the charges are uniformly 
distributed on the two plates, so the capacitance can be 
formulated as the following equation: 

  Cdl = εS/4πkd

  ,where S is the plate area of the parallel plate capacitor, 
which is the exposed area of carbon steel electrode and 
ε is the dielectric constant of the film, k is the Boltzmann 
constant (1.3806503×10-23 J/K), d represents the plate dis-
tance of the parallel plate capacitor, which refers to the 
thickness of the film. Because S and ε are fixed values 
plus π and k are constants, it could be speculated that 
d might decrease, which indicated the thickness of film 
on the steel surface decreasing after coupling with carbon 
fibers. In addition, the increase in Cf and decrease in Rf 
values indicated that the amount of the alkaline calcareous 
precipitates on the steel surface were probably reduced. 

3.3 Surface composition analysis of the steel before and 
after coupling in three types of pore solutions 
  The steel samples before and after carbon fibers cou-
pling were pre-passivated in the pH 12.5 pore solution 
for 2 h, then taken out and cleaned with alcohol. XPS 
was performed on the surface of the steel. The spectrum 
results are shown in Fig. 6. It could be determined that, 
with the exception of the external standard elements C, 

the film on the steel surface contained O, Ca and Fe ele-
ments with the atomic percentage of 29.08%, 2.81% and 
6.87%, respectively (Fig. 6a). Among them, Ca was main-
ly from the CaCO3 and alkaline compounds precipitates 
on the steel surface, and O was mainly from the com-
pounds of iron and calcium or water.
  According to the literatures [23], the passive film 
formed on carbon steel in the pH 12.5 pore solution may 
contain FeOOH, Fe2O3, FeO and Fe3O4. Fig. 6b illustrates 
the typical curve fitting conducted for Fe 2P high reso-
lution XPS spectrum. Fe3+ was from FeOOH, Fe2O3 and 
Fe3O4, and Fe2+ was in FeO and Fe3O4. According to the 
peak parameters of chemical species (Fe02p3 706.6 ± 0.3 
eV, Fe3+2p3 711 ± 0.4 eV, Fe2+2p3 709.6 ± 0.3 eV, Fe3C 
707.7 ± 0.4 eV) [23,24], the contents of Fe3+ and Fe2+ 

by fitting calculation were 36.1% and 25.4%, respectively. 
In addition, the Fe content in cementite was 21% and Fe 
accounted 17%. So, the passive film on the steel surface 
was mainly composed of Fe3+ and some Fe2+. The ratio 
of Fe3+ to Fe2+ (Fe3+/Fe2+) was 1.42. This result was con-
sistent with the result in literatures [23,25], which con-
cluded that the passive film of steel formed in SPS is 
mainly consists of γ-FeOOH and Fe2O3 and a small quan-
tity of Fe2+.
  Fig.  6c shows the XPS spectrum of the steel after cou-
pling with carbon fibers. The atomic percentage of the 
O, Ca and Fe element was 31.02%, 1.47% and 6.19%, 
respectively. After coupling, there was a slight decrease 
of calcium content on the steel surface, indicating the de-
crease of alkaline precipitates. This was consistent with 
the results of Cf and Rf in EIS test. Normally, the surface 
oxidative modification of carbon fibers is a commonly 
method to increase the surface polarity of fiber and im-
prove its active surface area and oxygen functional groups 
such as -COOH, -OH, and -CO [26]. The treated carbon 
fiber can adsorb some metal ions [27,28]. It could be 

Table 1 EIS results of the steel samples before and after CF coupling in pore solution（C/10-6 F·cm-2，R/Ohm·cm2）
pH value samples CCF RCF Cf Rf Cdl Rct

 12.5
Steel — — 12.70 2032 4.92 1.44×106

After coupling 110 1.16×104 1580 13.51 5130 78

 13.3
Steel — — 16.01 1.08×104 3.75 9.82×105

After coupling 22.56 2961 1957 7.11 3393 117.1

 11.6
Steel ― ― 20.84 1.85×104 10.09 1.47×106

After coupling 31.74 2.26×104 1556 61.42 3129 222
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speculated that the decrease of the alkaline precipitates 
on the steel surface might be due to the adsorptive action 
of carbon fibers and the reaction between Ca(OH)2 in the 
solution and the carboxyl on the fiber surface. The fitting 
result for Fe 2p XPS spectrum in Fig. 6d shows that the 
content of Fe2+ in the passive film was increased. The 
contents of Fe3+ and Fe2+ were 37.3% and 28.7%, 
respectively. It was reported [22,24] that the content of 
Fe3+ and Fe2+ can be used to evaluate the protective prop-
erty of the passive film. The higher ratio of Fe3+/Fe2+, 
the higher content of FeOOH and Fe2O3 in the film, mean-
ing the better stability and protective performance of the 
film. Conversely, the lower ratio, the higher content of 
FeO and Fe3O4, indicating the worse stability and poorer 
protective performance the film has. After coupling, the 
Fe3+/Fe2+ ratio dropped from 1.42 to 1.3, reflecting the 
decrease of the film protective property. This agreed with 
the above electrochemical test results.
  The surface of the steel formed in the pore solutions 
with pH 13.3 and 11.6 were analyzed by XPS. (The spec-
tra are not shown). The calculated ratio of Fe3+/Fe2+ 
showed that the ratios deceased after the steel coupled 
with carbon fiber (from 2.1 or 1.18 decreased to 1.47 or 

0.57, respectively), indicating the decrease of the film 
stability. This is similar to the result in pH 12.5 pore 
solution.

3.4 Influence of the coupling volumes of CF on the 
electrochemical behaviour and surface composition of 
carbon steel 
  Fig. 7 shows the anodic polarization curves of the steel 
samples coupled with a bunch of 5 cm long fibers and 
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Fig. 6 XPS spectrum for the steel before and after CF coupling in pH 12.5 SPS: (a), (c)C-survey; (b), (d)-Fe 2p3/2.

Fig. 7 Anodic polarization curves of steel samples with various 
volumes of CF coupling in pH 12.5 SPS.
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10 cm long fibers separately in the pore solution (pH 
12.5). The according area ratio of carbon steel to carbon 
fiber was 12.31 and 6.15, respectively. It can be seen that 
after the area of carbon fibers increased, the corrosion 
potential increased, while the polarization curve showed 
apparent active characteristic indicating the decrease of 
the corrosion resistance of steel.
  Fig. 8 shows the corrosion rates of the steel before and 
after coupling with different areas of carbon fibers, which 
were calculated by 21 d weight loss test result in the pore 
solutions with pH value of 11.6, 12.5 and 13.3, 
respectively. It can be seen clearly that the corrosion rate 
of the steel was very low (0.0022 mm/yr, 0.0013 mm/yr 
and 0, respectively), and decreased with the increase in 
pH value, though the amplitude of the variation was very 
small. After coupling, the corrosion rate increased a little 
(3.6 × 10-3 mm/yr, 1.4 × 10-3 mm/yr and 0) and decreased 
with the increase of the solution pH too. Under the same 
pH condition, the corrosion rate increased with the cou-
pling area doubled. Among of them, in pH 11.6 pore sol-
ution, the increase amplitude of the corrosion rate was 
the biggest, and after the test visible corrosion was ob-
served on the steel surface. With the pH value increasing 
(to 12.5 and 13.3), the influence of the CF area doubled 
on the steel corrosion became smaller. It is worth to note 
that in the pH 13.3 solution, the corrosion rates of the 
steels were almost zero, which indicated that coupling 
with carbon fibers had little influence on the corrosion 
of the steel in the high alkaline solution (pH 13.3). The 
difference between the weight loss test and the electro-
chemical tests results probably were caused by the differ-
ence of the tests. In addition, another probable reason was 

the regardless of the carbon fibers area influence during 
the electrochemical data processing. 

4. Conclusions

  (1) In the three types of simulated pore solution (pH 
13.3, 12.5 and 11.6), the surface of the carbon steel could 
maintain good passivation state. After coupling with car-
bon fibers (the area ratio of carbon steel to carbon fiber 
was 12.31), the open circuit potential of the steel shifted 
positively, the impedance of the steel surface decreased, 
and the corrosion enhanced. The galvanic current from 
the steel and carbon fibers couple had some influence on 
the corrosion of the steel. XPS result showed that the ratio 
of Fe3+/Fe2+ in the passive film decreased and therefore 
the film stability decreased.
  (2) The weight loss result reviewed the accelerate effect 
on the corrosion of steel by the increase of the coupling 
area of carbon fiber coupling. As the solution pH decreas-
ing, the amplitude of the corrosion rate increased. Especially 
in slight carbonation solution (pH 11.6), the acceleration 
effect became obvious, which manifested by the apparent 
corrosion signs observed on the steel surface after im-
mersion in the solution for 21 days.
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