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Recently, micro-alloyed steel rebars had been evaluated extremely to improve corrosion resistance of
steel rebars in corrosive environments which intended to enhance the service life of reinforced
concrete structures. In this study, corrosion resistance of niobium (Nb) microalloyed HRB500 mild
steel rebar in the alkaline concrete pore solution were investigated by electrochemical technique.
Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and potentiodynamic
polarization techniques were used to study the effect of Nb content on corrosion behavior of steel
rebars. The CV results showed that the current density in zero potential decreased by increasing the Nb
content, indicating that a small amount of Nb microalloy in steel rebars facilitated the stability of the
formed passive layers. The polarization plots showed that the steel rebar with 0.055 wt% Nb content
had a smaller corrosion current-density than the other samples which was in the passive state during
the test. The EIS results indicated that the double-layer capacitance value decreased with the addition
of Nb content, resulting in enhanced protective capacity. The surface morphology of the samples
revealed that the surface of steel rebar with 0.055 wt% Nb was smooth and no visible corrosion was
observed.

Keywords: Corrosion resistance; Niobium microalloyed steel rebar; Electrochemical impedance
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1. INTRODUCTION

Corrosion of steel bars is one of the problems that need further evaluation to improve the
corrosion condition. Because concrete has a high alkaline environment, steel bars are not exposed to
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corrosion for a short period of time [1, 2]. The passive layer on the surface of carbon steel rebars is
stable in the alkaline environment [3]. However, the chloride ions in the concrete after a long period of
time results in the weakening of the modified concrete structures [4, 5]. It seems that the existence of
carbonation causes a uniform passivation of steel rebars because of the CO3~/HCO3 at a the specific
pH value [6]. Several environmental factors such as NO. and SO in acid rain and CO in the air
pollutions lead to the reduction of concrete alkalinity [7]. These environmental factors could react with
calcium hydroxide and calcium-silicate-hydrate gel in the concrete [8, 9]. Today, low-alloy steel rebars
are alternative techniques to promote corrosion resistance. Niobium (Nb) is one of the elements
employed in low-alloy steel rebars. Xu et al. [10] showed that the TisSiz corrosion resistance was
promoted with the increase of Nb content in H2SO4 solution. Sun et al. [11] suggest that the addition of
Nb in steel rebars can lead to a satisfactory performance to enhance the corrosion resistance of
stainless steel. OrjuelaG et al. [12] improved corrosion resistance of rebars by coating niobium carbide
on the surface of a low-alloy steel. Many strategies have been adopted to improve the corrosion
behavior of steel rebars in corrosive environments. However, studies on niobium content in a steel
rebar in an alkaline concrete pore solution by the electrochemical process have not yet been published.
Thus, in this study, the effect of niobium content on steel rebar corrosion in alkaline concrete pore
solution were investigated. The cyclic voltammetry, electrochemical impedance spectroscopy and
potentiodynamic polarization techniques were utilized to study the electrochemical properties of Nb
microalloyed HRB500 mild steel rebar in alkaline concrete pore solution.

2. MATERIALS AND METHOD

In this work, HRB500 mild steel with 25 mm diameter were used to study the corrosion
behavior of niobium (Nb) microalloyed steel rebar in alkaline environment. Table 1 indicates the
chemical composition of the mild steel rebars used in this work.

Table 1. Chemical composition of mild steel rebars with different Nb content (wt%)

Steels C Mn Si P S Nb Fe
Sample A 0.32 1.63 0.51 0.02 0.024 0.0 Residual
Sample B 0.32 1.63 0.52 0.02 0.024 0.025 Residual
Sample C 0.32 1.63 0.53 0.02 0.024 0.04 Residual
Sample D 0.32 1.63 0.52 0.02 0.024 0.055 Residual

The Nb contents were varied from 0.0 wt% to 0.055 wt%. The samples were cleaned and
polished by using SiC grinding papers. All samples were cleaned in acetone in an ultrasonic cleaner
(Mophorn, China) and washed in distilled water.

The alkaline concrete pore solution was prepared using 0.75 g L™t Ca(OH)2, 0.75 g L™ NaOH,
and 5 g L™ of KOH. The weight fraction of sodium chloride in the solution was 1.5 wt%. The pH was
adjusted to 13.0 with the addition of NaHCOz3 solutions and calibrated by a pH meter.
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The homemade electrochemical cell was used to study on the 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. Before analysing the samples, all samples were immersed in a
prepared solution for 25 minutes. A copper wire was connected to the ends of the steel rebar samples.
EIS characterizations were performed in the varied frequency between 100 kHz and 0.1 mHz at the
Eoc with AC perturbation £10 mV. The potentiodynamic polarization (CorrTest Instruments Corp.,
Ltd., China) measurement was conducted from 0.25V at 1 mV/s scanning rate. The cyclic
voltammetry analysis was carried out between -1.5V and 1.5 V at scan rate with 50 mV/s and recorded
sixth cyclic voltammograms for making comparison between the samples.

3. RESULTS AND DISCUSSION

In order to study the redox reactions and formation of the passive layer on the sample in the
alkaline environment, cyclic voltammetry (CV) technique was used. Figure 1 shows the cyclic
voltammograms of the samples in the simulated concrete pore solution with pH value of 12. The
anodic and cathodic peak potentials were observed as shown in Figure 1.
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Figure 1. Cyclic voltammograms of the samples with different Nb content exposed to the simulated
concrete pore solution with pH value of 13.
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The anodic peak appeared at an approximate potential of -0.65 V for all samples that is related
to the following reactions from (1) to (3). It confirms the transformation from Fe?* to Fe** ions and the
passive layer formation on the surface of steel rebars [13]:

Fe + 20H~ <> Fe (OH)2 +2e"~ (1)
3Fe (OH) 2 + 20H <> FesOu + 4H,0 + 2e™ )
3Fe0 + 20H™ «> FesO4 + 2¢~ (3)

As previously reported, the current density in zero potential (io) can exhibit the corrosion
behavior of passive layer [14]: the higher io proposes poorer corrosion resistance. When Nb content
increases, io decreases. This reduction indicates that a small amount of Nb micro-alloy in steel rebars
facilitates the stability of the formed passive layers. As the potential increases up to 0.3 V, the anodic
current-density suddenly increases which can be related to the electrochemical process controlled by
oxygen evolution. As shown in figure 1, the cathodic peak appears at the potential of -0.85 V. When
the potential shifts to a more negative value, the cathodic current density increases rapidly which can
be associated to the electrochemical process controlled by hydrogen evolution [15]. Furthermore, the
anodic peak of 0.055 wt% Nb steel rebar is lower than the other samples. It can be concluded that the
increase in Nb content in steel rebar can enhance corrosion resistance and stability of passive film.
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Figure 2. Potentiodynamic polarization plots of the samples with different Nb content exposed to the
simulated concrete pore solution with pH value of 13.

Potentiodynamic polarization is a technique where the potential of the electrode is varied at a
selected rate by application of a current through the electrolyte. From polarization plots in Fiure 2,
sample D (0.055 wt% Nb content) shows noticeable passivation in the solution and the most positive in
pitting potential.
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The Butler-Volmer equation can describe the polarization potential (E)-current density (1)
relation in potentiodynamic polarization condition [16]:

I = Icorr {exp [a;_iF (E - Ecorr)] — exp [_a;_iF (E - Ecorr)]} (4)

Where lcorr and Ecorr are the current density and potential of corrosion, respectively. oc and oa
are cathodic and anodic charge transfer coefficient, respectively, which indicate corrosion mechanism
and kinetics. z refers to the electron number that participated in reactions, F is Faraday constant (
96485.33212 C mol™) and R is universal gas constant (8.31446261815324 J K™t mol™). These
parameters can be estimated by a curve-fitting method in the weak-polarization behavior for the
samples [17]. Furthermore, anodic and cathodic sites on rebar surfaces lead to the development of a
potential difference, which is the driving force behind corrosion reactions that are electrochemical in
nature. Non-homogeneous chemistry, variations of grain size, the presence of non-uniform residual
stresses generated in rebar during manufacturing processes cause anodic and cathodic sites on rebar
surfaces. Table 2 presents the corrosion potential and corrosion current density of the samples.

Table 2. Fitting parameters of the samples obtained from polarization plots.

Steel Corrosion current density (LAcm2) Corrosion potential (V)
Sample A 0.184 -0.643
Sample B 0.165 -0.534
Sample C 0.145 -0.472
Sample D 0.096 -0.365

As shown in table 3, the corrosion level can be defined into four levels proposed by Durar
Network Specification [18].

Table 3. Corrosion level

Corrosion level Corrosion current density (icorr) range
Very high 1.0 pA/em? < igorr
High 0.5 HA/CM? < o < 1.0 pA/CM?
Low 0.1 pA/ cm? < ligorr < 0.5 HA/cm?
Passivity icorr < 0.1 HA/CmM?

However, based on table 3, the corrosion current density of sample D in concrete pore solution
is lower than that of the other samples. Therefore, mild steel rebar steel (sample D) remained
completely in the passive state during the test which indicated their good corrosion resistance in the
alkaline concrete pore solution [19, 20].
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Figure 3. EIS curves of the rebars with different concentrations of Nb exposed to the simulated
concrete pore solution with 13 pH value.

For further study of the effect of Nb micro-alloy amount on the corrosion behavior of rebars
with passive layers in simulated concrete pore solution, EIS was measured and shown in Figure 3. The
increase in Nb content leads to an increase in the radius of the capacitive loop which indicates
enhancement of the corrosion resistance for steel rebar. Figure 4 indicates an equivalent circuit used to
model the impedance spectra. Rs is the solution resistance. Rs and R are the resistance of passive film
and the charge-transfer resistance, respectively [21]. CPEs and CPEq are the passive film/solution
interface capacitance and double-layer capacitance [22].
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Figure 4. An equivalent circuit model to fit the experimental data

Polarization resistance, Rp (Rp = Rf + Rct) iS a measurable indicator to characterize the
corrosion resistance of steel in corrosive environment, and the higher Rp corresponds to the better
corrosion resistance.
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Table 4. Electrochemical parameters from the fitting using the equivalent circuit in Figure 4 for pH
value of 13 and various content of Nb

Steels Rs (Qcm?)  R¢(MQ cm?) CPE¢ (UF cm??) Rit (MQcm?)  CPEg (KUF cm?2)
Sample A 27.4 0.178 2.6 0.252 3.2
Sample B 23.2 0.346 2.3 0.582 2.8
Sample C 41.3 0.412 1.7 0.732 2.1
Sample D 34.5 0.583 1.2 0.826 1.8

According to table 4, increasing the Nb contents show a significantly enhancement in Rp value
indicating a higher corrosion resistance for 0.055 wt% Nb steel rebar in pH 13.
CPEt is related to the thickness of passive film as shown in the following formula [23]:

CPE; = 24 (5)

Dp
where &g is used to represent the permittivity of vacuum, A for effective area, ¢ for dielectric
constant, and Dy for the thickness of passive film which can be qualitatively described with CPEt.

Figure 5. FESEM images of the samples with different content of Nb, (a) 0 wt%, sample A (b) 0.025
wit%, sample B (c) 0.04 wt%, sample C and (d) 0.055 wt%, sample D.

The value of CPEs decreases as the Nb content increases (table 4), which indicates that the
passive film thickness increased and the resulting protective capacity enhanced when the Nb content of
steel rebar gradual increased. In pH value of 13, the Ry passive film resistance increased as the Nb
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content in alloy increased, which indicates that the protective feature of the passive film developed is
strong. Compared to CPEr and CPEq, it was found that CPEs is lower than CPEq which confirm that
the formation of thin passive film and the double layer at the interfaces has a high capacitive behavior.

Figure 5 reveals the FESEM morphology of rebars after the immersion in the simulated
concrete pore solution at pH of 13 for 30 days. Wide corrosion occurred on the surface of sample A
and B, indicating the active corrosion state. Moreover, a number of small pits can be observed on the
surface of sample C. The surface of sample D was clean and smooth without any visible corrosion
areas, indicating that the samples C and D had a suitable corrosion resistance even in the simulated
concrete pore solution. These findings reveal that the addition of Nb enhances the corrosion resistance
which is in agreement with the results of electrochemical measurements.

4. CONCLUSIONS

Recent studies showed that the micro-alloyed steel rebars can improve the corrosion behavior
of steel reinforced concretes in an aggressive environment. Here, Nb as an alloying element was
selected to investigate the alloy effects on corrosion resistance of mild steel rebar in the alkaline
concrete pore solution. FESEM images indicated that the surface of steel rebar with 0.055 wt% Nb was
smooth and no visible corrosion was observed. The CV results showed that the current density in zero
potential decreased by increasing the Nb content, indicating a small amount of Nb microalloy in steel
rebars facilitated the stability of the formed passive layers. The polarization plots showed that the steel
rebar with 0.055 wt% Nb content had a smaller corrosion current-density than the other samples which
was in the passive state during the test. The EIS results indicated that double-layer capacitance value
decreased with the addition of Nb content, resulting in an enhanced protective capacity.
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