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The passivation by potentiostatic polarization and electrochemical behavior of P355 carbon steel in
saturated Ca(OH), solution (SCS) at pH 12.5 to 14 were investigated. The effects of polarization
potential, pH, polarization time on the behavior of P355 carbon steel were evaluated. The results
illustrated that the P355 carbon steel exhibits well passive behavior with a broad passive region. The
time for polarization current to reach a steady state will be prolonged with the increase of pH and the
decrease of polarization potential. The passive film displays the behavior of n-type semiconducting.
The optimal passivation potential is 300 mV positive and 100 mV negative to the passive film Ecor,
which is usually in the range of -100 mV to -600 mV. The threshold value of the chloride ions is 0.1 M.
More than 0.5 M chloride ions will lead to the passivity breakdown and initiate serious corrosion.
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1. INTRODUCTION

Over the past decades, the passivation and corrosion behavior of the steel in concrete have been
studied much [1, 2]. Several studies focused on the electrochemical behavior of traditional carbon
steel, austenitic or duplex stainless steel types such as Q235 [3], 304 [4], 316 [5] or 2205 [6, 7]
stainless steel in typical environment [8]. In the field of nuclear industry, the steel reinforcement is
exposed to concrete pore solution over the pH range 12 to 14 in the anoxic environment even for
hundreds of years [9]. In this high alkaline environment, a protective passive film will be formed
spontaneously and maintained on the surface of the P355 carbon steel [10, 11]. The composition of the
concrete pore solution has great influence on the passivation of the carbon steel [12, 13]. However, till
now, few previous works have focused on the electrochemical behavior of the P355 carbon steel in
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“high alkaline” and “super-anoxic” environment [14]. We believe that the investigation of the passive
behavior in saturated Ca(OH), solution (SCS) with different pH by addition of NaOH, which was used
as simulated concrete pore solution (SCPS), will contribute to a better understanding of the corrosion
behavior of the carbon steel in concrete.

Since the natural corrosion rate of the steel in concrete is very low, very long time is needed to
evaluate the corrosion behavior which is impractical to achieve based on laboratory experiments [15].
Therefore, electrochemical method is often used for quick evaluation of steel corrosion [16, 17]. Till
now, the electrochemical and passive films of P355 carbon steel combining in high alkaline (pH>12.5)
and anoxic environment at more negative polarization(-1.0 V -0 V) potential are scarcely investigated
[18-20]. So, it is very worth exploring the structure and properties of the passive film formed on P355
carbon steel in this condition [21, 22].

The aim of this work is to investigate the passive films formed by potentiostatic polarization on
P355 carbon steel for better understanding its electrochemical behavior in different alkaline and anoxic
environment at more negative potential by combining potentiodynamic measurements, electrochemical
impedance spectroscopy (EIS) and Mott-Schottky approach. Potentiostatic polarization was used to
accelerate the formation of the stable passive films. Then, the non-destructive electrochemical
impedance spectroscopy was mainly employed to investigate the electrochemistry and corrosion
behavior of the steel in the alkaline environment. Saturated calcium hydroxide solution with different
pH by addition of sodium hydroxide has been employed as the high alkaline environment. The
influence of chloride ion on the passive film was also investigated in SCS containing a different
concentration of chloride.

2. EXPERIMENTAL

The nominal chemical composition of the P355 carbon steel is given in Table 1. The specimen
was a cylinder of 1 cm diameter and 1.5 cm length. Then the specimen was cast in epoxy resin. The
exposed area as the test surface is 0.785 cm® The specimen was mechanically wet-grounded with
successively finer silicon carbide papers down to a 1200 grit surface finish and rinsed with ethanol and
double distilled water after which the electrode was immediately placed into the cell. A newly polished
specimen was used for each run. The N, deaerated saturated Ca(OH), solution at pH 12.5, 13.5, 14
were named SCS1,5, SCS135, and SCS14. The solution which has been used for Tafel measurement was
defined as “aged” solution to distinguish from fresh solution. All chemicals employed were of
analytical reagent grade. All electrochemical experiments were performed in a three-electrode cell by a
Solartron S1 1280B electrochemical workstation (Fig.1). The sample was used as the working
electrode, a platinum film was used as the counter electrode, and a saturated calomel electrode (SCE)
was used as the reference electrode. The tip of the luggin tube was placed about 0.5 cm from the
specimen surface. All potential values reported in this work are expressed on the SCE.

The bath was purged for at least 20 min before and during each test with high purity N, gas.
The potentiodynamic test was performed at 0.1667 mV/s. Several potentials, which is close to the
cathodic end, were selected within the passive region as the passive film formation potentials (from -
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800 mV to 0 mV with an interval of 100 mV) to accelerate passivation via potentiostatic polarization.
At each passive potential, potentiostatic polarization was kept for 12 to 72 h to ensure an “operational”
steady state of the system. EIS was performed after potentiostatic polarization in an identical test
solution. An Experiment was firstly designed to evaluate the influence of chloride ions on the passive
film. P355 carbon steel was polarized at -0.1 V for 18 h in SCS;25, Then potentiodynamic polarization
was continuously performed in sequence at a sweep rate of 0.2, 0.5, 1, 2, 5, 10 mV/s from -0.75 Vsce
t0 0.75 Vsce in the SCS135 containing 0.025, 0.1, 0.5, 1 M NacCl, respectively.

Table 1 Chemical composition of the P355 carbon steel.

C Mn P S Si Cu Ni Cr Mo
0.15 0.98 0.005 0.0005 0.324 0.043 0.05 0.082 0.009
Al Nb Zr Vv Ti Co B H N
0.034 0.006 0.001 0.001 0.001 0.005 0.0001 1.95 0.034
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Figure 1. A schematic of the electrochemical measurement system.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic polarization behavior of P355 carbon steel in SCS

The potentiodynamic polarization curves could provide important features concerning the
electrochemical behaviors of P355 carbon steel [23]. Fig.2 is the potentiodynamic plots of P355 carbon
steel in N, deaerated SCS at pH 12.5, 13.5 and 14. As observed in Fig.2, when the potential is swept in
the positive direction, the polarization curve exhibits a stable and wide passive range (-0.75 V to 0.54
V vs. SCE) which indicates the passive ability of P355 carbon steel is strong in this SCS. The
polarization curves pass through the active region, active-passive transition region, passive region and
transpassive region with the increase of potential from free corrosion potential to anode direction [24].
In the cathodic part, there are no significant differences in the shape of the curves at different pH. An
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important feature is the anodic oxidation peak near -0.75 V, which reveals that ferrous oxidation is
taking place corresponding to the oxidation of Fe(OH), to Fe3O,4 or Fe3O,4 to Fe,O3, respectively [25].
At potentials higher than 0.54 V vs. SCE, a sharp increase of the current density was observed, which
is due to the onset of oxygen evolution reaction (4OH — O, + 2H,0 + 4¢’), although passivity
breakdown may occur simultaneously [26]. In fact, the potential of passivity breakdown is usually
negative than 0.54 V.

As can be seen in Fig.2, the passivation current density in SCSy, 5 is more stable and lower than
that of SCS135 and SCS14. Moreover, the polarization current density is less than 7x10° A cm? for the
curves (a) and (b) in Fig.2, which corresponds to the solution of SCSi,5 and SCSi35, respectively.
However, as shown in Fig.2(c) and (d), the passivation current density are both higher than 7x10° A
cm? This indicated that the protective properties of the passive film decrease with the increase of pH
from 12.5 to 14. Although the corrosion resistance of the passive layer is improved with the Ecor
positively shift 70 mV (-0.98 V to -0.91 V) by polarization 24 h at -0.2 V, the protective ability of the
passive films in SCSy4 solution is still worse than that of SCSi,5. This suggests that the corrosion
resistance of the passive films would decrease due to the very high alkaline environment (above pH
13), which is deleterious to the protective properties of the passivity. More stable and better protective
passive film will be formed in an appropriate alkaline solution (such as pH 12.5). Meanwhile, the Ecorr
of the P355 carbon steel in different alkaline solution is varied and it takes a long time to reach a
steady state which will result in the deviation of the Ec.r, especially for potentiodynamic polarization.
In order to reduce the data deviation, we employed the consistent test conditions, such as the same
pretreatment, measure time, electrode system and configuration. Based on the results of polarization
test, the formation potentials (-800 mV to 0 mV with an interval of 100 mV) were selected for the
potentiostatic polarization, covering the “lower” part of the passive region, in order to simulate the
very negative corrosion potential of carbon steel in the alkaline and anoxic conditions.
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Figure 2. Potentiodynamic plots of P355 carbon steel measured in (a) SCSi25, (b) SCSi35, (€) SCS14
and (d) polarization 24 h at -0.2 V in SCSy4. The sweep rate is 0.1667 mV/s, 25°C.

3.2 Potentiostatic polarization behavior of P355 carbon steel in SCS

Potentiostatic polarization was employed to accelerate the formation of the passive film on
P355 carbon steel. The steady state described here is an “operational” one and the real steady state of
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the passive film takes considerably more time to achieve, which is impractical to achieve based on
laboratory experiments [27]. For applied potentials -700 mV to 400 mV, the steady state current
density should be positive, while for the lower applied potentials (-1000 mV to -800 mV), because
they are below the Ecor, the steady current should be negative because of the dominance of the
cathodic reaction of hydrogen evolution. This is exactly what is observed in the potentiostatic
polarization, as shown in Fig.3. The passive film, which is the product of a series of anodic processes,
might exist at a negative current density.

In addition, it should be pointed out that the E.r Of the passive steel increases with the increase
of the passive film thickness, which will change the current density and direction. This is related to the
formation of an oxide layer on the working electrode which has changed the surface state [28]. Due to
the difference of the passive film in the passivation process, the E.or measured in the different stage of
the passivation process is corresponding to the different thickness of the passive films. It has been
accepted that the polarization current reflects the formation, early growth, and repassivation of passive
films [29]. Therefore, it is necessary to record the trace of the current in the potentiostatic polarization
process as shown in Fig.3. It is observed in Fig.3 that as the applied potential increases, the net current
density is found to be positively shifted. This is probably due to the thicker passive film generated at
higher potentials and less perturbation brought about by the cathodic reaction. There are a number of
short-period current spikes, which are due to the breakdown of the passive film followed immediately
by repassivation, reflecting the nucleation, growth, and repair of the metastable passive films.
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Figure 3. Traces of the polarization current of P355 carbon steel recorded at different applied potential
for24 hin SCSi55 and SCSi3s.

Fig.3 also shows that the time (Ts) for passivation reach an “operational” steady state will be
prolonged when the pH increases from 12.5. It shows that the polarization current increased as the pH
increases. In other words, in the more alkaline environment, the corrosion resistance of the passivation
steel will decrease. Moreover, as can be seen in Fig.3, the Ts is short at high applied potential and is
long at low applied potential. As is shown in Fig. 3, at pH 12.5, the Ts is very short, even less than 1 h,
but it will extend to 3 h at pH 13.5. It revealed that the very alkaline environment (pH >13) can delay
the formation of oxidation layer, in which process more time is needed for the current to reach a stable
state.
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3.3 Effects of polarization potential on EIS in different SCS

The effects of applied potential on electrochemical impedance spectra were measured to
investigate the passivation behavior. Fig.4 presents Nyquist and Bode plots of P355 carbon steel after
potentiostatic polarization at the different potential for 24 h in SCSy25, SCSi35 at 25°C. It is clearly
observed that the Nyquist plots were characterized by a semicircle arc covering most the high-
frequency region, which is attributed to charge transfer process related to the surface film property [30].
The high-frequency semicircles are generally associated with the charge transfer at the
electrode/electrolyte interface. The increasing in the radius of the semicircle arc indicated an increase
in the passive film stability and resistance. The appearance of the straight line indicates that the
kinetics is limited by diffusion of the oxidation products [31].

In Fig.4, the diameters of capacitive loop decrease with the increase of pH from 12.5 to 13.5,
indicating that the corrosion resistance decreased when pH above 13. The passivation of P355 carbon
steel in the SCS;, 5 is stable and the passive film has good corrosion resistance. However, this will be
changed in stronger alkaline solution, like SCSi35 and SCSy4. As can be seen in Fig. 4, the overall
impedance shows higher values in SCS;, 5, revealing an enhancement of the protective properties of
the passive film. The largest radius in SCSi»s is more than 5x10* Q-cm™. However, the radius
decreases to 5x10° Q-cm™ in SCS135 and then decrease to 2x10° Q-cm™ in SCSy4at pH 14. It indicated
that with the increase of the SCS pH, the decrease in semicircle radius has demonstrated a decrease of
the passive film resistance with low stability. This suggests that very alkaline environment have a
deleterious effect on the passivation. It was found that the SCS;, 5 with the medium-high pH value was
the optimal solution for the passivation of the P355 steel, which could improve stability and corrosion
resistance of the passive layer.

It can be seen in Fig.4 that when the applied potential is negative than -0.7 V, the radius of the
capacitive semicircle arc is obviously smaller than other positive potentials. In general, the higher
(above -0.7V) of the polarization potential , the larger of the radius of the semicircle arc, which
signifies higher polarization resistance and better corrosion protection provided by the oxide film [32].
However, the highest applied potential is not corresponding to the highest impedance. The potential
which is 300 mV positive and 100 mV negative to E,r of the passive film is believed the optimal
applied potential, which is usually in the range of -100 mV to -600 mV vs. SCE.

The Bode plots of passive film covered P355 carbon steel polarized 24 h at the different
potential were shown in Fig.4. As shown in Fig.4b, with the sequential increase of polarization
potential from -0.7 V to -0.1 V, the peak of the phase angle increases from -75.6° up to -82.5°. |Z| at
0.01 Hz is 1.1x10° Qcm? This indicates that more protective film was formed at more positive
potential. As seen in Fig.4d, with the increase of the applied potential, the peak of phase angle
increases from -80.6°up to -83.8°. In the low-frequency range (<1 Hz), there has a second time

constant and the |Z| at 0.01 Hz is 2.95%10* Qcm?which is smaller than 1.1x10° Qem? in Fig.4(b).

The P355 carbon steel displays the characteristic features of the passive materials. It was found
that the modulus and phase angle of the impedance are strongly dependent on the pH value. The phase
angle increases to around -82.5 °C over a wide range of frequencies (Fig.4b), indicating a pure
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capacitive response, which is also a typical impedance spectra pattern when a passive film is formed.
This feature affects the stability and electrical behavior of the protective passive film. This illustrates
that the passive film behaves similarly to a pure capacitor with some leakage within intermediate and
low frequency range. It was commonly acknowledged that additional capacitance character of the film
could improve the protective capability of the passive layer because of the large transfer resistance
which hinders substance transportation across the film [33]. The maximum phase angle of impedance
in intermediate frequency is around -83, indicating a stable passive film is formed on P355 steel.
However, in the more alkaline solution, such as SCSi35 the stability of passive film can be decreased,
which could lead to deteriorating of the corrosion resistance.
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Figure 4. Nyquist (a, c) and Bode (b, d) plots of P355 carbon steel polarized 24 h at different potential
at 25°C in (a) and (b) SCS125, (¢) and (d) SCSi3s.

As for the polarization potential, the phase angle decreased when the potential is negative than
-0.8 V vs. SCE. When the applied potential is in the range of -0.6 V to 0.2 V, the passive film has the
protective capacitive properties with the phase angle up to -80". The increase of the impedance
modulus as the potential increases from -0.7 V is a result of the gradual thickening of the barrier layer
and the development of the bilayer structure. The high impedance obtained is due to the passive film,
and the reduction in impedance is consistent with a loss of protectiveness against corrosion. The
transpassive dissolution of the oxide layer is closely related to the passive film breakdown [34]. These
verified that the potential which is 300 mV positive and 100 mV negative to E.or Of the passive film is
the optimal applied potential, which is usually in the range of -100 mV to -600 mV vs. SCE.

The electrical equivalent circuit (EEC) used for analysis and fitting the impedance data are
shown in the Fig.5. As shown in Fig.5, a Ry connected in series with two RQ elements in parallel two
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time constants R1[Q1(R2Q2)]. This model supposes that the passive film was already formed. It consists
of a porous layer that is filled up with electrolyte. The passive film undergoes changes in the
microstructural and electrical properties.

R Cl’lfl

Figure 5. Electrical equivalent circuit (EEC) models for fitting the impedance spectra of the P355
carbon steel in SCS.

As depicted in Fig. 5, the first process (R1Q1) at higher frequencies has been associated with the
redox processes taking place in the passive film, the parameter Q1 represents the capacitive behavior of
the formed passive film and R; stands for the resistance due to the ionic paths through a passive film.
In the second detected process, Q. represents the double layer capacitance behavior at the interfaces
and R, for the corresponding charge transfer process resistance. It assumes that the passive film can not
be considered as a homogeneous layer but rather as a defective layer [35]. Here, CPE is used for the
description of a non-ideal capacitance with varying n. The impedance of the CPE is given by:

CPE = Z(w) = Zo-(iw) " 1)

where Z; is the CPE constant. The factor n is an adjustable parameter that always lies from -1
to 1. When n =1, the CPE is an ideal capacitance (C), when n =—1, the CPE is an ideal inductor (L),
When n = 0, CPE is resistance (R). For 0.5<n<1, the CPE represents the distribution of the dielectric
relaxation times, when n= 0.5, CPE is a Warburg impedance (W).

Table 2 shows the fitting parameters at different polarization potentials for 24 h in SCS;, 5 and
SCSi35 based on the equivalent circuit in Fig.5. It was found that the film resistance R; decreased
sharply as the applied potential is lower than -0.7 V, which reflects the protective property of the film
become worse. The R; decreased with the increase of the SCS pH. With the decrease of the applied
potential, the R; decreases. The CPEj, which represents the surface heterogeneity, increased with the
decrease of formation potential indicating an increase of defects in the passive film. The values of the
exponent n are between 0.53 and 0.68, which shows that the CPE; has an intermediate character
between the capacitor and Warburg impedance, indicating a considerable homogeneity of the passive
film surface. The CPE , is very close to the typical double layer capacitance. In general, the CPE;
decreases as the applied potential shift to negative. The R, obtained is much higher than 7x10* Q cm?,
indicating that the passive film has good resistance to the charge transfer processes. The charge
transfer resistance R,, which seems to be dependent on the Eo of the passive films, varies with film
formation potential, increasing significantly. This means that the passive film formed at near the Eo Of
the passive films are more protective than that formed at other passive potentials.
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Table 2. Fitting parameters for EIS passivated 24 h at different potentials in SCS3,5 and SCSy3s.
E/V 0.1V 0.2V 0.3V 0.4V 05V 0.6V 0.7V
Rs 4451 37.03 38.34 35.11 35.31 32.06 35.48
CPE; 1.3x10®° 1.9x10° 2.5x10° 3.3x10° 3.7x10° 4.8x10° 6.7x10°
N 0.95 0.94 0.94 0.94 0.93 0.92 0.89
SCSps  Ri  4.9x10*  3.6x10* 6.5x10* 4.3x10* 4.0x10* 1.8x10*  1.3x10*
CPE, 3.9x10° 3.7x10° 7.9x10° 4.9x10° 7.2x10° 6.1x10° 8.1x10°
N, 0.61 0.56 0.68 0.55 0.62 0.550 0.53
R,  9.7x10* 9.6x10* 7.7x10* 2.6x10° 2.4x10° 3.9x10° 1.7x10°
Rs 4.63 3.48 4.41 4.43 5.14 4.60 4.60
CPE; 25x10®° 6.6x10° 2.9x10° 2.4x10° 3.4x10° 4.4x10° 1.0x10™
N 0.92 0.84 0.93 0.97 0.93 0.91 0.87
SCSi3s Ry 2.4x10*  15x10*  2.5x10* 80.1 1.9x10* 79.1 19.7
CPE, 2.7x10° 2.6x10° 4.5 1.2x10%  4.5x10° 2.0x10* 4.4x10*
n, 0.61 0.61 0.65 0.75 0.60 0.42 0.52
R, 11x10° 1.1x10° 7.7x10* 55x10* 8.9x10* 1x10®  1x10%
2.0x10°
- O- SCPS,,. s Fit SCPS,
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Figure 6. R, as a function of polarization potential in different SCS.

According to the ECC, R, was calculated by 1/R, = (1/R1) + (1/R;). The R, as a function of
applied potential as shown in Fig.6. It can be seen that the R, of SCS;35 is small than that of SCS;,5s.
With the increase of the formation potential from -1.0 V to -0.1 V, R, increases slowly within the range
of -1.0 V to -0.8 V. Then, the R, reach the maximum value in the region of -0.6 V to -0.4 V, which is
also the E¢or range of the passive film. When the formation potential surpasses -0.4 V, the R, decreases
slowly and keep constant after -0.2 V. It needs to point out that many factors could affect R,.
Obviously, the R, obtained in the SCS1; 5 is stable and repeatable. However, as for the “aged” SCSi25
and SCSi35, a large fluctuation can be found for R, in the Ry~ V curves as shown in Fig.6. This shows
that the R, formed at pH 12.5 is larger than that of 13.5. It can be seen that passive film with better
corrosion resistance will be formed when the applied potential is close to the E., . Of the stable passive
layers, which is in the range -0.1 V to -0.5V.
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3.4 Effects of polarization time on the passivation process

The P355 carbon steel was passivated by potentiostatic polarization at -0.2 Vsce for a different
time in SCSy,5. As can be seen in Fig.7a, the current density will reach a steady state after 3 hours in
the SCS125. As seen in Fig.7b, the radius of the semicircle arc is small at 2 h. Then, for 10 h. the radius
of the semicircle arc increases largely. Continue to increase the passivation time to 24 h, it can be seen
that the radius is even bigger. Although the radius is still growing as the passivation time up to 48 h,
the increment of the radius of the semicircle is very small. This indicated that the passive film has
reached a steady state in which the thickness and corrosion resistance of the oxide layer are
independent of time [36]. Therefore, it takes 24 h to obtain the steady state of the passivation in
SCSi25. In the Bode plot Fig.7c, the |Z| defined a straight line with a zero slope and the phase angle (¢)
remained at about -4'at high frequency (HF) indicating a resistive behaviour. This resistance was
attributed to the electrolyte resistance (Rs). Bode plots showed a capacitive behavior at medium and
low frequencies (MF and LF), characterized by a slanted |Z| and the ¢ defining a maximum value (-
82.7°,-79.7°). At LF the ¢ tended to -17° as the |Z| approached a resistance. With the passivation time
increasing to 48 h, the peak of phase angle widens to low frequency as shown in Fig.7c. The |Z|
parameter at 0.01 Hz for 48 h polarization is 90 kQ cm™ and for 24 h is 89 kQ cm? for the rest samples
were between 34 and 50 kQ cm?®. The |Z| of the samples which were polarized 24 h and 48 h are very
close and exhibited higher corrosion resistance. The first time constant in MF region (1-10° Hz) is
related to the existence of passive film, and the second time constant in the LF region (<0.1 Hz) is
associated with the corrosion process of carbon steel. It was observed in Fig.7d that the Eco Of the
passive film in SCSy,5 was -0.403 V and -0.415 V which is more positive than that (-0.467V, -0.47V)
in SCSy35, indicating that the passive films formed at pH 12.5 have high corrosion resistance. Compare
the shape of the Tafel curve in Fig.2 and Fig.7d, the current density is much smaller than 1x10° A cm™

which is close to the initial pit corrosion current (ip125). The current density is also smaller than that of
P355 steel having no preformed passive film (Fig.2). It can be obtained from the above analysis that 24
h could get a steady state passive film and it has good corrosion resistance.

The Sat. Ca(OH), solution by addition of NaOH at pH 13.5 (SCSy35) was also investigated for
passivation of P335 steel as shown in Fig.7(e-h). It was found that the time for polarization current to
reach a steady state is more than 6 h, which is longer than 3 h of SCSi,5. At the same time, the
polarization current increases and more current spikes appear compared to that of SCSy, . It indicates
that higher pH than 12.5 has detrimental effects on the passivation and corrosion resistance of the steel
[37, 38]. Firstly, higher pH can extend the incubation time to reach a steady state of the passivation.
Secondly, in the very alkaline environment, the metastable pits can be developed easier, which can be
seen by the fluctuation of the current spike in Fig.7e. The current spike is associated with the
nucleation, growth, and repair of a metastable pit. The damaged region is prone to become a
preferential site for subsequent metastable pits. So, it is difficult to obtain the steady state. As shown in
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Figure 7. Influence of passive time on the electrochemical properties of P355 carbon steel (a, €)
current traces of potentiostatic polarization at -0.2 Vscg, (b, f) the Nyquist, (c, g) the Bode and
(d, h) Tafel plots of passivated samples. (a-d) in SCSy;s, (f-h) in SCS35 25°C.

Fig.7f, with the extended of the potentiostatic polarization time, the radius of the semicircle arc
constantly increases. The radius of the semicircle arc of 48 h is much larger than that of 24 h. This
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shows that it takes more than 24 h to reach a balanced state of the passivation. 48 h of polarization is
necessary to obtain a steady state passive film with better corrosion resistance.

Fig.7g shows Bode plots for the P355 steel with two-time constants, the maximum ¢ is 83° at
63 Hz and a second maximum ¢ is -30° at 0.05 Hz. The |Z| modulus of P355 steel increased with the
passivation time, indicating 48 h is necessary for the stability of the protective oxide layer. The time
constant in the MF region is attributed to the passive film properties. In the LF region, it is related to
the electrochemical properties of the corroding carbon steel. At the different passivation time, the ¢ in
the MF region is almost constant, indicating the same capacitive properties of the oxide layer in
contact with the electrolyte. On the other hand, the ¢ in the LF region increased and was displaced to
lower frequencies as a consequence of the retard of the corrosion process. Moreover, the maximum of
1Z] modulus in the Bode plots is 2.98x10* Q cm™. It was seen that the corrosion resistance decreased
than that solution of SCSi,5 which was 9x10* Q cm™. Fig.7h shows that in the SCSy35 solution, the
polarization current partly exceeds 1x10™° A cm?and the breakdown current (ip13s, 3x10° A cm?) of
the passive film is higher than ip2s (1x10° A cm™). The corrosion potential is -0.467 V and -0.470 V
corresponding to 24 h and 48 h respectively. With the passive film formed, the corrosion potential is
more positive than the bare metal (between -0.6 V and -0.9 V), and is slightly negative than that in
SCSj2s. It can be concluded that higher pH (such as 13.5, 14 ) is not the ideal conditions for the
formation of protective passive films. The saturated calcium hydroxide solution with pH 12.5 is a good
choice for P355 steel passivation.

Table 3. Fitting parameters extracted from the EIS plots in Fig.7.

polarization time 2h 10 h 24 h 48 h
R 40.87 31.29 37.68 29.99
CPE;,  2.01x10° 2.03x10° 1.93x10® 2.48x10°
M 0.95 0.950 0.95 0.95
SCSiz5 Ri 1.46x10* 2.51x10* 3.36x10* 4.26x10*
CPE,  1.12x10" 6.42x10> 3.34x10® 4.56x10°
N 0.53 0.47 0.54 0.58
R, 3.80x10* 6.19x10* 1.02x10°> 9.19x10*
R 4.12 4.09 5.31 5.02
CPE;,  1.89x10> 2.03x10> 2.11x10®° 2.11x107
M 0.96 0.96 0.96 0.96
SCSi35 Ri 4.70x10° 6.42x10° 5.34x10° 7.06x10°
CPE,  1.17x10" 9.75x10> 1.03x10* 9.16x10°
N 0.45 0.54 0.52 0.59
R, 2.44x10* 2.89x10* 2.67x10* 3.47x10*

Table 3 depicts the fitting parameters based on the equivalent circuit shown in Fig.5. It can be
found that the passive film resistance R; increased from 1.46x10* to 4.26x10* as the passivation time
increases from 2h to 48 h in SCSj,5 solution, which reflects that the protective properties of the
passive film become strong. The CPE; only slightly increased from 2.01x10 to 2.48x10°uQ*cm™?s™
when the time increased from 2 h to 48 h for SCS;25. This suggests that there is no obvious difference
of the defects in the passive films. Comparing CPE; and CPE;, it was found that CPE; are lower than
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CPE,. This represents that the formed passive film is thin and the double layer at the interfaces has a
high capacitive behavior. The R, obtained at pH 12.5 is higher than that of pH 13.5, indicating that the
passive film has the higher resistance to the charge transfer process in this SCS;,5. Moreover, it can be
seen that R; is smaller than R, which is probably associated with the porous properties of the outer
oxide layer. The higher R, of pH 12.5 indicates the film has good charge transfer process resistance.

3.5 Electrochemical properties of the passive films

Fig.8 is the Tafel plot of the P355 carbon steel by potentiostatic polarization 24 h. As seen in
Fig.8a, in the SCSi,5, there was a broader passive range from about -0.6 V to 0.6 V. After 0.6 V, an
sharp increase of the current was observed, which is due to the breakdown of the passive films and the
formation of the corrosion pits [39, 40]. The formation potential also affects the corrosion potential of
the passive films, which can be checked by the changes of the Ecor in Fig.8a. It was found that the Eor
shifts to more positive potential and the icor decreases with the increase of the applied potential. When
the applied potential is -0.1 V to -0.2 V, the Ecqr is -0.391 V and -0.403 V. With the decrease of the
applied potential, the E.orr will be more negative as the following sequence: -0.477V, -0.607 V, -0.629
V, -0.728 V and -0.741 V, corresponding to the applied potential -0.3 V, -0.4 V, -0.5V, -0.6 V and -
0.7 V, respectively. Compared with SCS;, 5 the breakdown potential of the passive films in SCS;35 is
decreased 40 mV from 0.6 V to 0.56 V as seen in Fig.8b. It was observed that the Eco shifts more
quickly to positive than that in SCS;,5 with the increase of the applied potential. The formation
process of the passive film is a dynamic process with the passivation and dispassivation. Proper pH is
necessary for the formation of the passive films with good protective capability.

In the cathode polarization process, corrosion products such as Fe?* will be produced and their
influence on the passivation could not be neglected. The solution could be contaminated by corrosion
products which will greatly affect the reproducibility of the EIS data. This is usually accompanied by
pit corrosion, transient current spikes, and unstable current density [41]. The corrosion product comes
from the dissolution in the cathodic and the anodic transpassive region. The corrosion product includes
Fe?*, Fe**, Mo* ions and its hydroxides corresponding to the composition of the P355 steel in Table 1.
It is necessary to further investigate the influence of corrosion products on the passivation process.
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Figure 8. Tafel plots of P355 carbon steel polarized at different potential for 24 h at 0.1667 mV/s in (a)
SCS125, (b) SCSy3s.
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The electrochemical capacitance of the passive film/electrolyte interface was measured as a
function of the applied potential to assess the semiconducting properties of the passive films formed on
this steel. The relationship between capacitance and the applied potential is given by the Mott-Schottky
equation, which describes the potential dependence of the space charge capacity, C, of a
semiconductor electrode under depletion condition:

=t (E_EFB_%) (2)

€* “eNss,

where the negative sign represents p-type and the positive sign represents n-type conductivity.
e the electron charge, N charge carrier density, the donor density for n-type or the acceptor density for
p-type semi- conductors, g the vacuum permittivity, ¢ the relative dielectric constant of the
semiconductor, k Boltzmann’s constant and T absolute temperature, E the applied electrode potential
and Egg the flat band potential.

The Mott-Schottky plots of P355 carbon steel in SCS is shown in Fig. 9. It displays the C? vs.
E for the passive film formed on P355 steel at different potentials. The curve shows a straight line with
a positive slope, and it demonstrates that the passive film displays the oxide behavior as the n-type
semiconductor in this potential region. Moreover, the linear region slope becomes more positive with
the applied potential increase from -1.0 V to -0.1 V. The decrease of capacitance with the applied
potential is attributed to an increase in the thickness of the electron depleted layer and a diminishing
number of charge carriers. This phenomenon indicates a modification in the electronic properties of the
passive film and is related to an increase in the conductivity of the film due to the solid state oxidation.
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Figure 9. Mott Schottky of P355 carbon steel at different applied potential to -1.0 Vsce at a step rate of
25 mV/s, 5000 Hz, 25°C, in the solution (a) SCSy25, (b) SCSi35.

The values of Np, Na can be determined from the slope of the experimental C2 vs. E assuming
the dielectric constant of the passive film on the steel. According to equation (3), the slopes of the
linear portion of the C™ vs. E give the charge carrier density N, from the relation:

N= (3)

where m is the slope of the Mott-Schottky plot in the linear region of interest, e is the electron
charge, ¢ the relative dielectric constant of the semiconductor, &, the vacuum permittivity, the value is
8.85 x 102 F m. According to the calculated results, the values of N are in the range of 10%°-10%% cm
3 which matches the reported values for the passive film of the steels. Moreover, the values of Np and
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Na decrease with the increase of potentials. Thus, passive films formed at low passive potentials have
more disordered structures and higher defect densities than those formed at higher passive potentials.

3.6 Effects of chloride ions on the passivation behavior

An experiment was firstly designed to evaluate the influence of chloride ions on the passive
film of P355 carbon steel. Firstly, the P355 carbon steel was polarized at -0.1 V for 18 h in the N,
deaerated Sat. Ca(OH), solution ( pH = 12.5, 25°C) to obtain the same passive films. Then

potentiodynamic polarization was continuously performed in sequence at a sweep rate of 0.2, 0.5, 1, 2,
5, 10 mV/s from -0.75 Vsce to 0.75 Vsce in the SCSi35 containing 0.025, 0.1, 0.5, 1 M NaCl,
respectively, as shown in Fig.10. In Fig.10, for all the tested baths, no obvious pitting potential was
observed, indicating that the excellent anticorrosion properties of the passive films. A rapid increase in
the anodic current density (icorr) at 550 to 600 mV vs. SCE potential was observed, which may be due
to the oxidation of hydroxyl ions (4OH — O, + 2H,0 + 4e") [42]. Sun [22] studied the pitting
corrosion resistance of low-alloy steel and low-carbon steel at different chloride concentration.
Macdonald [39] studied the effect of chloride ion concentration on pitting corrosion of carbon steel in
saturated Ca(OH), solution. Compare these similar literatures, it was found that the scanning rate and
continuous sweep were not be considered which is different from this method.
In Fig.10, the i g 4y, g2 Was defined as the following formula:
Mg osr = locosy — losoay 4)
Afg ooy =fa-oav —la-oav )
where the a represent the SCS;35 solution containing 0.025 M NaCl, which is used for

Fig.10(a). Then b, c, d represent the SCS;3 5 solution containing 0.1, 0.5 and 1 M NaCl respectively. As
shown in Fig.10a, {22, 4. is the current density at the rate of 0.5 mV/s when the potential is -0.4 V in

the 2" curve. And similarly, i 2%, . is the current density at the rate of 0.2 mV/s when the potential is
-0.4 V in the 1% curve. i2_, .y, 1224,y is the current density which the scanning rate is corresponding
to 1 mV/s (3" curve), 0.5 mV/s (2" curve) when the potential is -0.2 V.

Table 4 sets out corrosion potential (Ecorr) and current density (icorr) extracted from the Tafel
region (Fig.10). According to the results of Fig.10 and Table 4, it can be observed that the value of Ai.
04v and Ai.gv followed the sequence: Al 0.4y < Alp, -0.4v << Alg, -0.4v < Alg, -0.4v, and Aiy, 02v= Alp 02v
< Alg, -02v << Alg-02v. Therefore, it can be inferred that the chloride ion have no obvious influence on
the corrosion resistance of the passive film in SCS when the concentration of chloride ion is less than
0.1 M. However, as shown in Fig.10c, when the concentration of chloride ions is up to 0.5 M, it is
obvious that the polarization current density increases largely which can be confirmed by the value of
Al -04v >> Alp 04v. In addition, continue to sweep the third time at 1 mV/s, it seems that the resulting
Alg, 02v has not increased much which indicated the passive films still exist. However, it can be seen
that the current density increases largely at the following “A” point in Fig.10c due to a serious
corrosion being started. When the concentration of chloride ion is up to 1 M as shown in Fig.10d, large
Alg, 04avand Aig .o2v Was observed and very serious corrosion occurred with high corrosion current. At
the same time, the shape of the Tafel plot has been changed much and the sample was obviously
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corroded which can be seen by naked eyes. Surpass 1M is greatly beneficial to result in serious
corrosion. Then, it can be seen from the above analysis that it is needed to restrain the concentration of
chloride ions to 0.1 M, more than 0.5 M chloride ions will have a greatly destructive effect on the

passive film.
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Figure 10. Continuous potentiodynamic curves of P355 carbon steel at the sweep rate of 0.2, 0.5, 1, 2,
5, 10 mV/s in SCSy35 containing 0.025, 0.1, 0.5, 1M NacCl respectively. The steel was polarized

at-0.1V for 18 h in the N, deaerated SCS1; 5.

Table 4 Ecorr (Vsce) and icorr (LA cm'z) extracted from Fig.10.

CI" (mol LY 0.025 0.1 0.5 1

V ( mV S_l) ECOIT I corr, Ecorr I corr, Ecorr I corr, ECOIT I corr,
0.2 -0.677 1.08 -0.692 0.12 -0.524 0.03 -0.673 0.23

0.5 -0.596 1.22 -0.595 0.11 -0.708 0.27 0.726  4.27

1 -0.529 0.97 -0.498 0.17 -0.671 0.34 071  7.44

2 -0.500 1.07 -0.473 0.27 -0.649 0.82 -0.695 22.7

5 -0.454 1.25 -0.416 0.44 -0.656 1.47 -0.664 252

10 -0.433 0.82 -0.406 0.56 -0.561 1.56 -0.669 29.5

The Ecorr and icorr change plots as a function of scanning rate in the continuous potentiodynamic
scan from 0.2 to 10 mV/s in sequence can be seen in Fig.11. It was found that the E. increases with
the increase of scanning rate when the concentration of chloride ions in the SCS;35 solution is 0.025 M
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and 0.1 M. However, when the concentration of chloride ions is 0.5 M, the E., decreases sharply, then
increases slowly. The Ecqr is more negative than that of 0.025 M and 0.1 M. When the chloride ions
are up to 1 M, the lowest E.,r value was obtained, which shows the worst protective property of the
passive film in this condition. Robert D [16] reported the similar results that in alkaline solutions, all
high-strength stainless steels showed high corrosion resistance at Cl” concentrations from zero to 0.25
M. When CI" concentrations is above 0.5 M, most of them exhibited low corrosion susceptibility,
which certified the credibility of the findings of this study.
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Figure 11. Eqr and icr change plot as a function of the scanning rate in the continuous
potentiodynamic scan from 0.2 to 10 mV/s in sequence.

This could also be verified by the i vS. v plots. It can be observed that icor Of the SCS
containing 0.5 M chloride ions is larger than the solution which contains 0.025, 0.1 M chloride ions.
However, when the concentration of chloride ions is up to 1 M, the icr increases hugely by more than
20 times. This indicates that more than 0.5 M chloride ions will damage the corrosion resistance of the
passive films, and more than 1 M chloride ions will completely destroy the passive film and greatly
accelerate the corrosion process.

4. CONCLUSIONS

The electrochemical behavior and passive film properties of P355 carbon steel in simulated
concrete pore solutions under an anoxic condition at different pH were evaluated by potentiodynamic
measurements, EIS, Mott-Schottky methods. The main conclusions were obtained as follows: The
P355 carbon steel exhibits well passive behavior in SCS with a broad passive region from -0.7 V to 0.5
V vs. SCE. The equivalent circuit R1[Q1(R2Q2)] is suitable for the P355 in SCS. However, the
formation and protective properties of the passive film are greatly influenced by the pH value and
applied formation potential. Different from previous studies, which accept that the corrosion resistance
of the passive film increases with the increase of the applied potential, in this experiment, it was found
that the highest applied potential is not corresponding to the best impedance. The optimal formation
potential is related to the E., of the formed passive films. The optimal formation potential for
passivation of the P355 steel in SCS is usually in the range of -100 mV to -600 mV vs. SCE. The
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passive film formed displays the behaviors of n-type semiconducting. The R, formed in SCSy5 is
larger and less fluctuated than that of SCS135. Moreover, the fresh SCS is beneficial to stable Rp. The
threshold value of the chloride ions is 0.1 M, below which the passive film still have the protective
ability of a barrier layer. It is needed to restrain the concentration of chloride ions to 0.1 M in SCS,
more than 0.5 M chloride ions are greatly beneficial to initiate serious corrosion.
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