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The effects of Si content on the corrosion behavior and passivation of carbon steel bars in concrete
pore solution were studied analytically, and its enhanced corrosion resistance was considered.
Electrochemical impedance spectroscopy analysis and polarization techniques were used to investigate
the electrochemical corrosion behavior of the samples. The lower mass-loss rate for the steel bar with
0.57 wt% Si content in the initial corrosion indicated an improvement of the corrosion resistance in the
carbon steel matrix before the creation of a dense rust layer on the sample surface. The polarization
plots exhibited that the steel bar with 0.57% Si content had minimum corrosion-current density
compared to the other specimens which were in passive state during the experiment. The
electrochemical results show that micro-alloying of Si element in the carbon steel bar matrix improved
its corrosion resistance against chloride ion attack and delayed the corrosion initiation into the steel
matrix. FESEM images of the specimens indicated that the surface of the carbon steel bar with 0.57%
Si was smooth and no noticeable corrosion was found.
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1. INTRODUCTION

Carbon steels and its alloys are extensively used in numerous industries such as aerospace,
automotive and construction due to the excellent formability and high production rate [1]. Aggressive
solutions such as saline environments are the most corrosive in nature for carbon steel alloys than the
other corrosive environment [2, 3]. Hence, it is desirable to consider the protection of corrosion steels
in saline solutions [4, 5]. The corrosion resistance of carbon steel depends on the stability and the
presence of oxide film on its surface. Researchers have done a lot of research to develop the durability
of the concrete structures [6, 7]. Recently, there are many approaches to extend lifespan of the
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reinforced structures immersed to the corrosive environments, containing the coated materials on steel
reinforcement, corrosion inhibitors and micro-alloyed steel reinforcement [8-10].

By addition of anti-corrosion alloy elements, such as copper, chromium, aluminum, nickel,
molybdenum and silicon, the corrosion behavior of carbon steel rebar may be enhanced in comparison
to the common carbon steel bars [11-13]. However, because of the use of the alloy element in small
quantities, the production cost can be remarkably reduced. Thus, these alloyed rebars have great
potential which can be utilized as an alternative to the carbon steel rebars with a long operating life in a
corrosive environment [14-16]. Furthermore, alloying elements are added into the carbon steel to
enhance its mechanical properties such as crash worthiness, formability, elongation, strain strength and
elasticity limit. Silicon is present in high-strength alloy steels to improve their corrosion resistance and
mechanical.

However, many studies have been done to evaluate the alloying effect on corrosion behavior of
carbon steel rebars, the effect of silicon alloying on electrochemical corrosion resistance of carbon
steel rebars has never been investigated in concrete pore solution. Therefore, this study aimed to
evaluate the efficiency of Si micro-alloying addition in carbon steel on corrosion resistance using
electrochemical characterizations.

2. MATERIALS AND METHOD

Carbon steel bars with a diameter of 25 mm were purchased from the open market in
Chongging, China and analyzed with the Phenom proX scanning electron microscope at the Materials
Characterization Laboratory. Table 1 shows the chemical composition of carbon steel bars used in this
study.

Table 1. The chemical composition of carbon steel bars with different Si content (wt%)

Steels C Si Mn S P Nb Fe
C1 0.32 0.42 1.63 0.024 0.02 0.055 Residual
C2 0.32 0.47 1.63 0.024 0.02 0.055 Residual
C3 0.32 0.52 1.63 0.024 0.02 0.055 Residual
C4 0.32 0.57 1.63 0.024 0.02 0.055 Residual

The corrosion and passivation behaviors of carbon steel bars in the concrete pore solution with
Cl ions were analytically considered by electrochemical corrosion assessments. A saturated aqueous
solution of Ca(OH). with pH value of 13 was selected as the simulated concrete pore solution.
Electrochemical corrosion assessments were performed in saturated Ca(OH). solution containing 3.5%
NaCl through an advanced potentiostat by a traditional three-electrode method which contained a
saturated calomel and a Pt wire as reference and counter electrodes, respectively. Furthermore, all
carbon steel bars as working electrodes were polished, cleaned through acetone and dried by warm air.
A minimum three replicates were carried out for each specimen. Electrochemical impedance
spectroscopy (EIS, Wuhan CorrTest Instruments Corp., Ltd.) were done at 10 mV amplitude with a
scanning range of 0.1 MHz and 0.01 Hz after one month immersion time. EIS experiments were
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performed with a model EA-201 Electro Analyzer (chemilink systems), equipped with a personal
computer that was used for electrochemical measurement and treating of data. The potentiodynamic
polarization (CorrTest Instruments Corp., Ltd., China) measurement was conducted from 0.3V at 1
mV/s scanning rate after one month immersion time. The scanning electron microscope (SEM) was
used to consider the surface morphologies of the samples.

3. RESULTS AND DISCUSSION
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Figure 1. EIS plots of the carbon steel bars with different content of Si in concrete pore solution at pH
value of 13 with a scanning range of 0.1 MHz and 0.01 Hz after one month immersion time.

In order to study the effect of Si micro-alloyed steel on the corrosion resistance of bars in
concrete pore solution containing 3.5% NaCl, the EIS analysis was conducted. Figure 1 shows the
Nyquist plots from EIS measurement. The increase in Si concentration leads to an enhancement in the
capacitive loop radius which reveals improvement of the corrosion resistance in the carbon steel bar.
Figure 2 shows a used equivalent circuit for modeling the impedance spectra. Rs presents the solution
resistance. Ret and Ry are the resistance of the charge-transfer resistance and passive film, respectively
[17]. Cai and Cs are the double-layer and passive film/solution interface capacitances, respectively[18,
19].

Cr
||
|
V VNV Ca
h A |
Rt
Ret

Figure 2. A used equivalent circuit for modeling the impedance spectra
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Polarization resistance (Rp) is an assessable indicator to describe the corrosion behavior of
carbon steel bars in concrete pore solution. The higher value of R, presents the superior corrosion
resistance.

Table 2. Electrochemical parameters derived from the EIS results

Steels Rs(Qcm?) Rf(kQ cm?) Ct (uF cm™) Ret (kQ em?)  Cai (uF em?)
C1 37.1 0.178 4.6 3.08 6.6
C2 34.3 0.346 3.3 4.76 4.9
C3 315 0.412 2.7 5.91 3.5
C4 34.7 0.583 2.1 6.83 2.6

As shown in table 2, increasing the Si content in steel bars reveals a considerable increase in
Rp value showing a higher corrosion resistance in C4 sample with 0.57% Si.

Cs is associated to the passive layer thickness as revealed in the following equation [20]:

Cr = SZZA 1)

where ¢ represents the vacuum permittivity, A is an effective area, ¢ shows a dielectric
constant, and Dy is the thickness of a passive layer which can be qualitatively defined by Cs.

The value of Cs reduces as the Si content increases (table 2), which shows that the thickness of
the passive layer increased and the protective capacity improved when the Si content of carbon steel
bar gradually increased. Moreover, the value of Rt increased as the Si content in alloyed steel
increased, which reveals that the protective property of passive layer was strongly developed.
Comparison of Cr and Cqi values indicates that Cs was lower than Cq value, confirming the creation of
a thin passive layer and also the double-layer in the interfaces had the great capacitive behavior.
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Figure 3. Polarization plots of carbon steel bars with different content of Si in concrete pore solution
at pH value of 13 and 1 mV/s scanning rate after one month immersion time.
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Potentiodynamic polarization technique is a predictable electrochemical method to consider the
corrosion rate of the specimens. From polarization curves in Figure 3, sample C4 reveals most positive
in corrosion potential and significant passivation in pore solution.

Consistent with the Tafel extrapolation technique [21], the corrosion parameters of carbon steel
bars were obtained by fitting the polarization plots via the Corrview software. Once the applied
potential value is sufficiently far from the electrochemical corrosion potential, the polarization plot
reveals only kinetics information of an electrode process in the cathodic or anodic branch. Thus, the
linear polarization diagram can be extrapolated in an intersection, which offers the values of icorr and
Ecorr [22]. Table 3 indicates the value of electrochemical parameters.

Table 3. Electrochemical parameters of the samples attained from polarization diagrams in concrete
pore solution at pH value of 13 and 1 mV/s scanning rate after one month immersion time.

Steels Corrosion current  Corrosion potential Bc Bc
density (LAcm?) (mV) (mVdec?t) (mVdec?)

C1 0.849 -398 47 85

C2 0.612 -339 54 93

C3 0.109 -286 66 89

C4 0.057 -212 74 85

The level of corrosion can be introduced in four levels suggested by Durar Network
Specification [23]. The steel bar with 0.57% Si content had minimum corrosion-current density
compared to the other specimens which was in passive state during the experiment.

The Ecorr Of the 0.57% Si specimen was noticeably shifted to higher positive value than the
other specimens, which reveals that self-corrosion potential was improved after the addition of Si.
Furthermore, the cathodic curves of the samples shifted downwards as the Si concentration increased,
which indicated that the cathode reaction rates at this stage was comparatively low. Additionally,
cathodic (Bc) and anodic (Ba) Tafel slopes were measured by the Tafel extrapolation method. As
revealed in table 3, Ba and ¢ values were varying with changing in the Si content. The variations in the
value of Tafel slopes can be employed to identify the inhibition process (anodic or cathodic) for carbon
steel bars, the charge-transfer coefficient, the electrolyte concentration and the composition of working
electrodes [24]. The B¢ value considerably unchanged with the addition of Si, which proposes that its
cathodic reaction effect did not develop the hydrogen evolution discharge process [25]. However, the
anodic Tafel slope values changed significantly with the Si addition which indicates that there are
blockages in the anodic reaction sites, and hence affect the anodic reaction mechanism. Furthermore,
with increasing Si content, the anode Tafel slopes increased which means that Si element can help
corrosion protection of the carbon steel bars in concrete pore solution.

Mass-loss and mass-loss rate of carbon steel bars during the exposure time of one month are
indicated in Figure 4. Obviously, Continuous corrosion attack causes increased mass-loss, and the
average rate of mass-loss of the C4 sample in each interval was less compared to that of the other
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samples. According to Figure 4b, the mass-loss rate of all samples reduced quickly during the initial
one week and had a slower decline in the rate of mass-loss during long-term corrosion period.
Consistent with the previous studies, the decrease of mass-loss rate in carbon steel bars can be related
to the effect of mechanical isolation of the corrosion layer onto direct contact between salt mist and the
bar matrix [26, 27]. By comparing these types of bars, the C4 bar exhibited a relatively lower mass-
loss rate throughout the test period. The average rate of initial mass-loss in the C4 sample was 0.91
mgcm2day, which was about 25.4% less than that of C1 sample. Furthermore, the average rate of
mass-loss in the C4 sample obtained after the electrochemical corrosion period of one month was 0.44
mgcm2day, which was about 38.8% less than that of C1 sample. The less mass-loss rate for the C4
sample in the initial corrosion can improve the corrosion resistance of the carbon steel matrix before
the creation of a dense rust layer on the sample surface. On the other hand, in a long period of
corrosion, because the dense rust layers covered the surface of the sample, the positive separation
effect will be more significant to retard the diffusion of the corrosive medium. Thus, the lower mass-
loss rate in the C4 sample can be attributed to its rust layer.
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Figure 4. (a) Mass-loss and (b) Mass-loss rate of the carbon steel bars with different Si content during
4 weeks of exposure time in concrete pore solution
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Figure 5 shows FESEM images of carbon steel bars in concrete pore solution after one month
exposure time. Figure 5b reveals that the carbon steel bar with 0.57 wt% Si was more uniform than the
steel bar with 0.42 wt% Si which is in accordance with electrochemical results.

Figure 5. FESEM images of carbon steel bars (a) C1 and (b) C4 samples in concrete pore solution
after one month exposure time

4. CONCLUSIONS

Nowadays, alloyed steel rebars have been studied to enhance corrosion resistance of carbon
steel rebars in corrosive media which intended to improve the service-life of steel reinforced concrete.
In this research, the effects of Si content on the corrosion behavior and passivation of the carbon steel
bars in concrete pore solution were studied analytically, and its enhanced corrosion resistance was
considered. Electrochemical impedance spectroscopy analysis and polarization techniques were used
to investigate the electrochemical corrosion behavior of the samples. The lower mass-loss rate for the
steel bar with 0.57 wt% Si content in the initial corrosion indicated an improvement of the corrosion
resistance in the carbon steel matrix before the creation of a dense rust layer on the sample surface.
The average rate of initial mass-loss in the C4 sample was 0.91 mgcm2day?, which was about 25.4%
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less than that of C1 sample. The polarization plots exhibited that the steel bar with 0.57% Si content
had minimum corrosion-current density compared to the other specimens which were in passive state
during the experiment. The higher value of polarization resistance presents the superior corrosion
resistance in C4 samples compared to the other samples. The electrochemical results show that micro-
alloying of Si element in the carbon steel bar matrix improved its corrosion resistance against chloride
ion attack and delayed the corrosion initiation into the steel matrix. FESEM images of the specimens
indicated that the surface of the carbon steel bar with 0.57wt% Si was smooth and no noticeable
corrosion was found.
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