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A B S T R A C T 

1. Introduction

With the development and utilization of marine resources, 
reinforced concrete has been widely used in marine 
engineering constructions. However, Portland cement concrete 
is easily destroyed under aggressive sea water, which shorten 
the actual service life of current concrete constructions. 
Chloride-induced corrosion of reinforced concrete is 
considered as the most destructive factor[1, 2], the destruction 
mechanism of reinforced concrete is mainly accused by the 
corrosion of steel bar in the presence of chloride ion. Herein, 
the stability of steel bar is a key factor of reinforced concrete 
under marine condition[3, 4]. 

Under high alkaline environments, the redox reaction 
takes place on the surface of steel bar and forms a dense oxide 
film, which is the passive film. This protective passive film 
can protect metallic matrix from corrosion ions and improve 
the corrosion resistance of steel[5, 6], which can prolong 
the service life of reinforced concrete structures. Therefore, 
the properties of oxide film have important impacts on the 

performance of reinforced concrete. So far, the composition 
and property of passive film of carbon steel under alkaline 
environment have been widely investigated and a series of 
theories have been proposed [7-11]. Ohtsuka et al. [12] studied 
the corrosion phenomenon by knowledge of electrochemical 
and electrochemical measurement techniques. The process of 
passivation and corrosion of reinforcement can be detected by 
testing the electrochemical parameters. The characters and 
compositions of passive film can be observed by SEM, coupled 
with X-ray photoelectron spectroscopy (XPS) and raman 
spectroscopy [13-16]. 

In high chloride environment, passive film of carbon 
steel would be corrode and destroyed, which will lead to the 
local corrosion and pitting corrosion. Therefore, carbon steel 
is not suitable to be used in reinforced concrete structure 
under marine environment because of its poor corrosion 
resistance [17-19]. Consequently, it is important to seek a 
new high corrosion resistant material to improve the service 
life of reinforced concrete under marine environment. In 
recent years, titanium alloys have been proposed to use in 
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marine engineering because of its low density, high strength 
and excellent corrosion resistance. Numerous studies on the 
performance of passivation and corrosion of titanium alloys 
have been performed in recent years. The high corrosion 
resistance of titanium alloys is mainly owning to the protective 
oxidation film on its surfaces, which protects the surface 
from corrosion by corrosive ions [20, 21]. The composition the 
passive film of titanium alloy was investigated and oxide layer 
is mainly TiO2, containing small amounts of TiO and Ti2O3 with 
potential of -0.75V [22-25]. In chlorine environment, the main 
corrosion forms of titanium alloy are pitting corrosion and 
crevices corrosion. Titanium alloy can exhibits good corrosion 
resistance in corrosive Cl- solution in the concentration of is 0.5 
mol/L or 1.5 mol/L. Zhang et al. [26] claimed that Ti-xFe-B (Ti-
Fe) alloys not only have the similar strength with carbon steel, 
but show much higher corrosion resistance than that of carbon 
steel. Because of iron can play a role of solution strengthening 
during cooling and improve the abrasive resistance and 
corrosion resistance of alloy. When the iron content reaches 
5%, the values of tensile strength of the Ti-Fe alloy increases to 
834 MPa.

Ti-3Fe-0.1B (TF400) is an alloy of Ti-Fe，which has been 
proven to have good mechanical properties in laboratory[27]. 
However, the behavior of corrosion and properties of 
passivation have not been detailed studied yet. In this work, the 
passivation and corrosion behaviors of TF400 (TF) and carbon 
steel (CS) were studied in simulated concrete pore solution 
to investigate the passivation and corrosion performance 

of TF400. Passivation and corrosion resistance properties 
were monitored by AC impedance spectroscopy and linear 
polarization curve. The composition and microstructure of TF 
was investigated with SEM and EDS. 

2. Experimental

2.1. Materials 

The steel bars used in this study were commercial 45 
carbon steel and TF400 alloy. The compositions of carbon 
steel and TF400 were show in table 1. Samples were cut into 
dimension of ø 12mm × 20mm (shown in Fig. 1a). One side of 
the steel bar acted as the working surfaces and the other side 
was junction surface. The specimens were connected with 
copper wire soldered and embedded in epoxy resin, leaving 
only one working surface with the area of 1.13 cm2. Prior to 
the tests, the surface of all samples was polished with SiC 
papers (from garde 240-7000), and then cleaned with alcohol 
and acetone. The polished working electrode was immersed in 
simulated concrete pore solution to conduct passivation test. 
The composition of simulated solution were mixed by Ca(OH)2, 
NaOH and KOH with a pH of 13.2 [28]. Corrosion solution was 
prepared by adding different proportion of sodium chloride 
on the basis of simulated passivation solution, which is shown 
in Table 2. The concentrations of chloride ions in corrosion 
solution were 3.5wt% (0.598mol/L), 5.0wt% (0.855mol/L) and 
7.0% (1.196mol/L) respectively. 

Table 1. Actual composition (wt.%) of the TF400 alloy and 45 carbon steel.

Sample B N O C Si Mn Ni Ti Fe

TF400 titanium alloy 0.1 0.01 0.079 0.016 - - - Bal 3.36

45 carbon steel - - - 0.43 0.23 0.58 0.03 - Bal

Table 2. Chemical composition (mol/L) of passivation solution.

KOH NaOH Ca (OH)2 NaCl

Passivation solution 0.6 0.2 sat 0

Corrosion solution

0.6 0.2 sat 0.598

0.6 0.2 sat 0.855

0.6 0.2 sat 1.196

2.2 Methods

2.2.1 Electrochemical measurements
CHI760E electrochemical workstation was used to conduct 

the electrochemical measurements. The schematic diagrams 
of testing specimens and three electrodes measuring system 
were shown in Fig. 1b. The steel bars were acted as the 

working electrode (WE), while a saturated calomel electrode 
(SCE) was used as reference electrode and a graphite flake 
was used as counter electrode (CE) with an area of 1.5 cm2. All 
electrochemical measurements were conducted in simulated 
concrete pore solution.

Every electrochemical test needed to be performed under 
the condition that the value of open circle potential (OCP) was 
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relatively stable. The system was regarded as stabilize when 
the OCP value changed at 2 mV/min. Open circuit potential is 
a thermodynamic parameter, relating to the corrosion current 
density. The OCP value of reinforcement was tested firstly with 
testing time of 900s. The polarization curve and impedance 
spectrum can be measured according to the value of OCP. 
The polarization curve can reveal cathodic polarization curve 
and anodic polarization curve [29]. When linear polarization 
curve (LPC) is tested, the anode polarization curve and cathode 
polarization curve are tested simultaneously. Therefore, the 
initial potential and final potential are ±200 mV of OCP. The 
ESI was tested with a wide frequency ranged from 0.01 Hz 
to 105 Hz. The impedance curves were fitted by ZsimpWin 
software.

a                                                                   b

Fig. 1. The diagram of electrochemical test specimens (a) and 
illustration of three electredes system used (b)

2.2.2. Surface composition and morphology
A Rigaku 3000 A diffractometer with CuKa radiation source 

was used to characterize the composition of oxide film on the 
surface of steel rebar. Accelerating voltage and accelerating 
current of the tests were 40 kV and 35 mA, respectively. 
Morphology of passive film was studied by scanning electron 
spectroscopy coupled with energy dispersive microscopy (SEM-
EDS).

3. Results and Discussion

3.1 Open circuit potential evolution during passivation ages

The OCP values of TF and CS during passivation process 
were represented in Fig. 2. It can be seen from Fig. 2 that the 
OCP values of TF increased sharply in the early stage and 
then gradually stabilized at about -0.25 VSCE. After 3 days of 
passivation, the OCP value of TF increased slowly and tended 
to be stable at -0.15 VSCE. As a comparison, the OCP value 
fluctuated greatly of CS in the initial stage. After 6 days, the 
OCP was basically stable about -0.17 VSCE. That is because 
that the redox reaction on the surface of TF is intense and 
the passivation film is formed quickly in the early passivation 
period. As the passivation film is formed, the corrosion 
resistance of reinforcement increases and the OCP value 
becomes stable [30]. The OCP values of TF were higher than 
that of CS, indicating that the passivability of TF was superior 
to CS. This is attributed to that chromium can improve the 

passivation property of TF [31]. 

Fig. 2 volution of open-circuit potential of specimens 
immersed in simulated concrete pore solution. 

3.2 Potentiodynamic polarization curve of passivation system

The linear polarization curves of TF and CS were shown 
in Fig. 3. It is observed that all cathodic polarization curves 
were basically coincident, which is owning to that all samples 
have the same cathode reaction in simulated solution and 
correspond to the following reaction [31]:. 
                                O2+4e- + 2H2O → 4OH-                                   (1)

With passivation ages extension, the polarization curves 
of CS and TF shifted to positive and stabled between -0.2 
VSCE and -0.1 VSCE respectively. The breakdown potentials of 
passive film of CS and TF were approximately -0.1 VSCE after 
completely passivation. The passive current densities of CS 
and TF were about 10-5 A/cm2 10-7 A/cm2 respectively. As shown 
in Fig. 3(a), the corrosion potentials of CS were about -0.3 VSCE 

after passivation for 3 to 6 days, while the corrosion potentials 
were concentrated around -0.2 VSCE after passivating for 7 to 
10 days. From Fig. 3(b), all polarization curves had obvious 
passivation areas except for the 1 h sample, and the corrosion 
potentials were concentrated between -0.2 VSCE and -0.1 VSCE 

after passivating for 3 days. It is concluded that TF and CS can 
be passivated in simulated concrete pore solution, and the 
passivation rate of TF is higher than that of CS.

Corrosion current density (Icorr) and polarization resistance 
(Rp) of TF and CS were calculated by the polarization curve 
and shown in table.3. The Icorr value of TF reduced gradually 
from 3.5×10-6 A/cm2 to the minimum value of 1.7×10-8A/cm2. 
At the same time, the Rp enlarged form 2.8×103Ω.cm2 to the 
maximum value of 1.9×106Ω.cm2. As a comparison, the Icorr 
of CS decreased from 4.9×10-4 A/cm2 to 3.5×10-6 A/cm2, and 
the Rp increased from 5.7×102 Ω.cm2 to 6.8×104 Ω.cm2. By 
comparing the values of Icorr and Rp of CS and TF at various 
ages of passivation, it can be seen that the passivability and 
corrosion resistance of TF are much better than that of CS. 
When Icorr is less than10-7 A/cm2, it can be considered that 
the electrode is not corroded or completely passivated [32]. 
As for TF, the values of Icorr were less than 10-7 A/cm2 in all 
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passivation ages. It indicates that TF has good passivation 
performance and can maintain high corrosion resistance in 
simulated concrete pore solution. 

a

b

Fig. 3 Potentiodynamic polarization curve of working 
electrodes immersed in simulated concrete pore solution, (a) 

CS and (b) TF

3.3 Electrochemical impedance spectroscopy of passivation 
system

Nyquist plots of the impedance spectra were represented in 
Fig. 4. As can be seen from the Fig. 4, all curves were composed 
of arcs with various radiuses in the low frequency area. In the 
high frequency region, it is composed of multiple diagonal 
lines. Moreover, the semicircle diameter increased as the 
development of passivation ages at low frequencies (< 1 Hz). 
It indicates that the resistance value and capacitive reactance 
value of passive film increased as the extension of soaked ages. 

To further study the detailed information about the 
passive film, the equivalent electric circuit (Rs(Qf(Rf(Qct Rct)))) 
was elected to fit the impedance spectrum data by ZSimpWin 
software. The equivalent circuit was shown in Fig. 4c. In this 
equivalent circuit model, Rs is the solution resistance, and 
representing the conductivity of the passivation solution. 
Qf and Rf are on behalf of the capacitance and resistance 
respectively of passive film. Qct and Rct are associated with 
double-layer capacitance and charge transfer resistance of 
steel bar. During the fitting process, Rs can be ignored due to 
the high conductivity of the alkaline solution. Besides, Rp can 
be regarded as the sum of Rct and Rf (Rp = Rct + Rf). The results 
of fitting were shown in table 4. It can be seen from table 4 
that with the extension of passivation ages, the Rf values of 
TF enlarged gradually from 3.2×103 Ω.cm2 to the maximum 
values of 2.1×105 Ω.cm2, and the Rf values of CS increased 
from 2.2×101 Ω.cm2 to 2.3×104 Ω.cm2. The values Rf of TF was 
higher than that of CS at all stages of passivation. It shows 
that the passivability of TF is superior to that of CS. The Cf is 
negative correlation to the thickness of passivation film. As 
the passivation ages extension, the thickness of passivation 
film enlarged and the Cf decreased. The Cf of TF and CS 
increased gradually from 1.1×10-3 F/cm2 and F/cm2 Ω.cm2 to 
the maximum value of 1.2×10-6 F/cm2 and 2.7×10-5 F/cm2. It 
indicates that the corrosion resistance of the passive film of TF 
is much better than that of CS.
 

Table 3. Corrosion current density (Icorr (A/cm2)) and polarization resistance (Rp (Ω.cm2)) of CS and TS 

1h 1d 2d 3d 4d 5d 6d 7d 8d 9d 10d

TF
Icorr 5.5E-06 6.3E-07 4.4E-07 6.9E-08 5.7E-08 5.0E-08 4.5E-08 2.1E-08 3.2E-08 2.3E-08 1.7E-08

Rp 2.8E+03 5.8E+04 8.7E+04 5.7E+05 6.5E+05 7.4E+05 8.8E+05 1.6E+06 9.5E+05 1.0E+06 1.9E+06

CS 
Icorr 4.9E-04 1.2E-06 5.5E-05 6.6E-05 4.3E-05 3.6E-05 3.7E-06 3.1E-06 3.2E-06 2.3E-06 3.5E-06

Rp 5.7E+02 2.3E+04 3.3E+03 2.8E+03 4.9E+03 8.2E+03 6.3E+04 6.8E+04 6.1E+04 7.3E+04 6.8E+04
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3.4 Scanning electron spectroscopy coupled with energy 
dispersive microscopy

The SEM images with EDS were used to investigate the 
morphology and elementary composition of the passive film. 
As for TF, the surfaces were relatively smooth and without 
obvious scratch (shown in Fig. 5a). It’s because that the 
scratches on the surface were covered by oxide film. At 
the same time, some sediment can be seen on the surface. 
According to EDS diffraction pattern, it can be known that the 
deposits were calcium hydroxide. The composition of passive 
film of TF and CS was shown in table.5. The results shows that 
the oxygen content of TF reached about 24% and that of CS 
reached about 16%. For CS, the passive film has a double layer 
structure and with different components. The inner layer is 
mainly FeO and the outer layer is mainly FeOOH in alkaline 
solution [33]. However, the passive film of TF has a monolayer 
structure and thicker than that of carbon steel. As the thickness 
of passive film changes, the proportion of TiO2/Ti2O3 in passive 
film component was different [34]. The results of elemental 
analysis show that the surface of specimens contains around 
3% carbon. That attributed to that carbon dioxide in the air 
dissolves in the alkaline solution and forms a precipitate under 
highly alkaline conditions.

a                                                    b

c                                                   d

Fig. 5 (a) SEM and (b) EDS analysis for the surfance of TF that 
was immersed in simulated solution. (c) SEM and (d) EDS 

analysis for the surfance of CS that was immersed in simulated 
solution.

                                        a                                                                         b                                                                                     c

Fig. 4 EIS of working electrodes immersed in simulated concrete pore solution, (a) CS, (b) TF, (c) the equivalent circuit of for the 
impedance spectra of specimens in simulated solution

Table 5. Element analysis of the surface of TF and CS                                    (wt%)

C-K O-K Na-K K-K Ca-K Ti-K Fe-K

TF 3.26 23.65 2.56 6.46 17.85 42.97 1.14

CS 2.63 16.16 0.16 0.12 0 0 80.85

Table 4. Resistance (Rf (Ω.cm2)) and capacitance (Cf (F/cm2)) of passive film of CS and TF 

1h 1d 2d 3d 4d 5d 6d 7d 8d 9d 10d

TF
Rf 3.2E+03 3.7E+04 5.9E+04 8.9E+04 1.1E+05 2.6E+05 2.5E+05 2.2E+05 2.1E+05 1.9E+05 2.1E+05

Cf 1.1E-03 4.7E-04 3.4E-04 9.8E-04 7.6E-05 7.9E-05 6.9E-05 8.1E-05 7.6E-05 6.9E-05 1.2E-06

CS 
Rf 2.2E+01 4.9E+02 7.3E+02 7.7E+02 3.5E+03 5.0E+03 9.5E+03 1.6E+04 2.0E+04 2.2E+04 2.3E+04

Cf 7.3E-03 7.2E-04 5.7E-04 5.2E-04 2.9E-04 1.1E-04 9.3E-05 3.3E-05 3.4E-05 2.6E-05 2.7E-05
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3.5 Open circuit potential evolution during corrosion ages

The OCP curves of CS and TF in different corrosion 
solutions were shown in Fig. 6. It can be seen from Fig.6a that 
the OCP value of CS reduced from -0.25 VSCE to -0.6 VSCE sharply 
within 56 days of corrosion in corrosion solution. As for TF, the 
value of OCP decreased from -0.1 VSCE to -0.42 VSCE within a week 
of soaking. However, with the corrosion continues, the value 
of OCP increased from -0.42 VSCE to 0.2 VSCE. That indicates that 
TF has strong corrosion resistance and secondary passivation 
performance. Under high chloride concentration condition, 
the passive film of TF was dissolved firstly and then formed 
dense passive film again. As shown in Fig 6, the OCP value 
of CS, which soaking in 7.0 wt% sodium chloride solution, 
decreased from -0.303 VSCE to -0.633 VSCE for within 56 days of 
corrosion, and the value of TF first dropped from -0.135 VSCE 
to -0.36 VSCE y, and then gradually enlarged to -0.05 VSCE. This 
illustrates that TF showed better chlorine resistance than CS in 
extreme environments with high chlorine concentrations.

a

b

Fig. 6 Evolution of open-circuit potential of specimens 
immersed in corrosion solution. (a) CS, (b) TF

3.6 Potentiodynamic polarization curve of passivation system

The tafel curves of TF and CS, which soaked in corrosion 
solution, were shown in Fig. 7. At the initial stage of corrosion, 
the Ecorr of CS and TF were about -0.3 VSCE and -0.1 VSCE 

respectively. As the corrosion continues, the value of CS 
dropped from-0.3 VSCE to -0.6 VSCE sharply. From Figs (a) (b) (c) 
can be seen that the Ecorr value of TF reduced gradually within 
a week. However, with the prolonging of the corrosion age, the 
Ecorr enlarged gradually. This may be due to the secondary 
passivation of TF restored the original passive film. This 
indicates that TF can tolerate higher concentration of chloride 
ions than CS.

Rp and Icorr of CS and TF were calculated by linear fitting 
for the polarization curves, and the results were shown in 
table.6 and table.7. It can be seen form table.6 that with the 
extension of corrosion ages, Icorr of CS increased from 10-7 A/
cm2 to 10-4 A/cm2, and Rp decreased from 104Ω.cm2 to 103Ω.
cm2. For example, the Icorr of CS increased from 3.04×10-7 A/
cm2 to 1.19×10-4 A/cm2 and Rp decreased from 4.95×105Ω.cm2 
to 4.94×103Ω.cm2 in the solution of 5.0% sodium chloride. This 
indicates that CS has poor corrosion resistance to chlorine 
under extreme environments.

It can be seen from table 7. that the Icorr of TF increased 
from 5.71×10-7 A/cm2 to 5.23×10-6 A/cm2 within 1d to 7d 
corrosion ages and the Rp decreased from1.57×105 Ω.cm2 
to 7.88×104 Ω.cm2 in the solution of 7.0% sodium chloride. 
When the corrosion ages range from 7d to 56d, the Icorr of 
TF reduced from 5.23×10-6 A/cm2 to 9.29×10-7 A/cm2, and Rp 
increased from 7.88×104 Ω.cm2 to 1.15×105 Ω.cm2. This shows 
that TF exhibit excellent stability and corrosion resistance 
under high concentration of chlorine. TF have strong 
passivation and secondary passivation properties, and the 
surface passive film has higher stabilities than CS. The surface 
of TF will form dense passive film structure again rapidly to 
maintain high corrosion resistance when the surface passive 
film was destroyed. 

Conclusion

The passivity and corrosion resistance performance 
of TF and CS solution were investigated in the simulated 
concrete pore. The OCP values of TF and CS show that the 
initial passivation tendency is relatively greater under the 
highly alkaline environment. Not only that, TF can also be 
passivated in high chlorine concentration. With the extension 
of passivation ages, the OCP values of CS and TF enlarged 
from -400 mV~-300 mV to -200 mV~-100 mV gradually, and the 
Rp increased by about 100 times. The passivation rate of TF is 
much higher than that of CS steel. For TF, a stable passive film 
can be formed after 3 days of passivation. While for CS, it takes 
6 days to form a stable film. The Icorr of CS is about 3×10-6 A/
cm2, and that of TF is 2×10-8 A/cm2 when in a completely passive 
state. 

In chloride environment, CS showed poor corrosion 
resistance. The passive film dissolved and Icorr increased 
sharply. The value Icorr increased from 10-7 A/cm2 to 10-4 A/
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(a)                                                                                                                          (d)

(b)                                                                                                                          (e)

 (c)                                                                                                                          (f)

 Fig. 7 Potentiodynamic polarization curve of working electrodes immersed in Corrosion solution; (a) TF- 3.5 wt%, (b) TF- 5.0 wt%, 
(c) TF- 7.0 wt%, (d) CS- 3.5 wt%, CS- 5.0 wt%, (c) CS- 7.0 wt%.
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Table 6. Icorr (A/cm2) and Rp (Ω.cm2) of CS in different corrosion solution.

CS 1d 3d 7d 14d 28d 56d

Icorr

3.5% 4.07E-07 1.37E-07 2.24E-06 8.94E-06 7.05E-05 9.94E-05

5.0% 3.04E-07 7.31E-07 4.38E-06 6.28E-06 2.24E-05 1.19E-04

7.0% 2.94E-07 1.09E-06 1.84E-05 5.36E-05 3.44E-04 8.28E-04

Rp

3.5% 6.32E+04 3.39E+04 1.46E+04 1.17E+04 8.72E+03 6.55E+03

5.0% 4.95E+04 2.96E+04 1.33E+04 8.53E+03 6.66E+03 4.54E+03

7.0% 4.11E+04 1.50E+04 1.01E+04 5.87E+03 3.77E+03 1.35E+03

Table 7. Icorr (A/cm2) and Rp (Ω.cm2) of TF in different corrosion solution.

TF 1d 3d 7d 14d 28d 56d

Icorr

3.5% 1.04E-07 3.27E-07 3.90E-07 2.31E-07 1.37E-07 1.26E-07

5.0% 1.39E-07 3.77E-07 5.25E-07 2.34E-07 3.64E-08 5.83E-07

7.0% 5.71E-07 9.91E-07 5.23E-06 2.17E-06 1.40E-06 9.20E-07

Rp

3.5% 1.54E+05 1.33E+05 8.53E+04 1.02E+05 9.71E+04 1.53E+05

5.0% 1.38E+05 1.18E+05 5.61E+04 9.81E+04 3.73E+05 2.14E+05

7.0% 1.57E+05 1.27E+05 7.88E+04 8.90E+04 1.08E+05 1.15E+05

cm2 within two months. Compared with CS, TF shows better 
corrosion resistance. Under high chloride concentration, 
TF not only has high corrosion resistance, but also has 
strong secondary passivation performance. Icorr of TF was 
maintained at 10-7 A/cm2 and Rp maintained at a high level 
which about 105Ω.cm2. It showed that TF reinforcing bar may 
be more suitable for stirrups in aggressive environment, such 
as marine and deicing salt environments.

In engineering applications, the use of TF - CS composite 
reinforcing bars can be attempted. Coating the surface 
of carbon steel with a layer of titanium alloy can not only 
significantly enhance the corrosion resistance of the steel bars, 
but also to a certain extent alleviate the high cost problem 
caused by the use of titanium alloy.
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