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Abstract

The effect of chloride ions on passivity breakdown of steel in simulated concrete pore (SCP) solution was studied using electrochemical

techniques. In this regards, the sensitivity of cyclic potentiodynamic parameters such as DE (difference between Epit and Erep), ipeak and AC-

impedance parameters like Rct, Rf, Ci, Rad and Cad to chloride ion concentration was investigated. Adsorption of OH� ions on the metal

surface in free chloride SCP solution and also displacement of those ions by Cl� ions were demonstrated in high frequency part of Nyquist

plots. In addition, a severe decrease in resistance of interfacial reaction (Rf +Rct) was observed through breakdown of passive film in the

[Cl� ]/[OH� ] ratio of 0.6. The interfacial capacitance, Ci, was abruptly raised when localized corrosion changed to general one.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The tenacious oxide passive film, which is formed on the

surface of embedded reinforcing steel under high alkaline

condition of concrete, protects the steel against corrosion

[1]. However, the condition of passivity may be destroyed,

due to the processes such as leaching out of fluids from

concrete, atmospheric carbonation or through the uptake of

chloride ions [2].

Chloride induced corrosion of passive reinforcing steel is

a well-known problem, especially where de-icing salts,

chloride-containing admixtures or chloride contaminated

aggregate are incorporated into the concrete [3].

It is generally acknowledged that the susceptibility of

metals to localized corrosion and the rate at which this

corrosion proceed is closely related to the quality of the

passive film, which is normally formed on the metal surface.

And it has been established that pitting is, ironically, a

detrimental side effect of the beneficial phenomenon of

passivity.

As a matter of fact, steel rebars that are in their passive

state within concrete in contact with aggressive media con-

taining chloride ions are prone to pitting. Therefore, the

behavior of passive film and its improvement against damage

caused by pitting process, i.e., nucleation and propagation is

of great importance. This is especially important where

corrosion inhibitors are used to mitigate localized corrosion.

However, predicting passive film behavior and mech-

anism of pit formation in concrete proved to be complex

task. For this reason, the use of sophisticated techniques

such as AC-impedance [2,4–6] and cyclic potentiodynamic

polarization [7–9] will provide reliable tools for evaluating

the performance of passive film.

The objective of present work is to study the effect of

Cl � ion concentration on the stability of passive film on

mild steel in simulated concrete pore (SCP) solution. As

mentioned before, this study can also be beneficial for

understanding the effects of anodic inhibitors on passive

film performance.

2. Experimental

The electrochemical measurements were carried out on a

number of St 37 plate steels of 4.5� 2 cm. The chemical

composition of which is presented in Table 1. The speci-
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mens were polished using a series of silicon carbide emery

papers of grades 400, 800 and 1000.

The SCP solution was a saturated calcium hydroxide

(pH� 12.3) at room temperature with various [Cl � ]/

[OH � ] ratios. It was prepared using double distilled water

and analytical pure reagents.

Open circuit potential (OCP) of the specimens were

measured after 90 min of immersion in solution using

saturated calomel electrode and platinum wire was used as

a counter electrode.

Since the experimental parameters of cyclic potentiody-

namic polarization, particularly scan rate, will affect both

EPit and Erep [10–12], cyclic polarization tests were carried

out at a constant scan rate of 2 mVS� 1. IR compensation

was applied using current interrupted method and noise

reduction was carried out by a home made provided

software.

AC-impedance measurements were performed in a fre-

quency range from 100 kHz to 4 mHz by means of a EG&G

Model 382 Electrochemical Impedance System.

3. Results and discussion

3.1. Cyclic potentiodynamic polarization measurements

Fig. 1 shows a typical schematic diagram of cyclic

potentiodynamic polarization curve of mild steel in SCP

solution. The polarization scanned from a potential 100 mV

more negative to the OCP of each specimen toward Epit,

then extended approximately to 100 mV above Epit, and

finally the potential was reversed to intersect the forward

polarization curve.

Fig. 2 shows the cyclic polarization curves of steel

specimens in SCP solution containing chloride ion with

[Cl � ]/[OH � ] ratios of 0, 0.3, 0.6, 1, 15 and 50. It is shown

that an extended passive region exists on the anodic polar-

ization part for uncontaminated chloride solution. This

region was started immediately after Ecorr and continued

to Epit at 590 mV (curve 1 of Fig. 2). Some fluctuations

were observed on anodic part of the curve especially at the

passive region, which might be due to the dynamic break-

down/repair process of the passive film or change in the film

thickness [13,14]. Fortunately, these fluctuations will not

have any influence on the principal trend of the polarization

curve.

Chloride addition to SCP solution below the [Cl � ]/

[OH � ] ratio of 0.6 does not affect the cyclic polarization

curve (curve 2 of Fig. 2). However, the first alteration was

observed in [Cl� ]/[OH � ] = 0.6 as a decrease in pitting

potential from 590 to 530 mV (curve 3 of Fig. 2). This is the

initiation of pitting because of a breakdown of passive film

as a result of the presence of chloride ion in the threshold

concentration ([Cl � ]/[OH � ] = 0.6–1). These sites are com-

monly recognized as the incipient anodes and would be

stabilized at pitting potential [10,15].

The influence of Cl� ions on depassivation of steel,

even at high pH levels, can be observed as a function of net

balance between two competing processes on the metal

surface, i.e., stabilization (and repair) of the film by OH �

ions and disruption of the film by Cl � ions [16,17]. When

the activity of OH � ion overcomes that of Cl � ion, the

pitting growth would be halted. Under this condition, the

reverse polarization curve will intercept the forward scan at

repassivation potential, Erep, which is between Epit and Ecorr

(Fig. 1), i.e., the more positive Erep value will indicate a

more repairable passive film [18].

Table 1

Composition of mild steel (wt.%)

C Si Mn P S

0.2 – – � 0.06 � 0.05

Fig. 1. Schematic diagram of cyclic potentiodynamic polarization for mild

steel in SCP solution.

Fig. 2. Cyclic potentiodynamic polarization curves of mild steel in SCP

solution with various concentration of chloride ion.
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At the [Cl � ]/[OH � ] ratio of 0 and 0.3, the Erep is

approximately equal to Epit, so repassivation of the pit is

entirely performed. The optical microscope image of this

surface after cyclic polarization in the SCP solution with

[Cl � ]/[OH � ] ratio 0.3 shows no pits on the surface (Fig.

3(a)). At [Cl � ]/[OH � ] ratio of 0.6, the Erep and Ecorr are

identical and repair of the pits is impossible (curve 3 of Fig.

2). At [Cl � ]/[OH � ] = 1, the passive region showed an

unstable anodic polarization curve due to frequently forma-

tion and breakdown of passivity (curve 4 of Fig. 2). Under

this condition, many pits would be formed on the steel

surface as shown in Fig. 3d.

At [Cl � ]/[OH � ] ratio more than 1, the cyclic polariza-

tion behavior for all concentrations of Cl � ions were more

or less similar (Fig. 2, curves 5 and 6). This is an indication

that the passivity will not be maintained at these ratios in

which Cl � ions overcome the OH � ions. Consequently,

the localized corrosion of metal will be replaced by general

corrosion (Fig. 3b).

The Epit and Erep are depicted as a function of [Cl� ]/

[OH � ] ratio in Fig. 4. It is observed that the values of Epit

and Erep are abruptly decreased at [Cl � ]/[OH � ] = 0.6–1,

which is reported by other researchers as a threshold value

of Cl � ion [15–17,19].

The increase in Cl � ion concentration (Table 2) gen-

erally enhances passivation current density, ipass, which is a

criterion of anodic dissolution of the metal in passive state.

The maximum current density flowing through the pits

during pitting process is denoted as ipeak (Fig. 1) and

indicates the rate of anodic dissolution of metal within the

pits. It is presumed that at reversed polarization region no

new pit is formed, so dissolution rate of the metal in the pits

will be related to DE (difference between Epit and Erep)

[20,21].

When both Epit and Erep are shifted to more positive

values, it means that pitting resistance of metal is improved.

However, if only the Epit is increased, then the higher value

of DE will cause an increase in the ipeak value.

Fig. 3. Microscopy images of metal surface after cyclic polarization in SCP solution with ratios: (a) [Cl]/[OH] = 0, (b) [Cl]/[OH] = 15, (c) [Cl]/[OH] = 0.6 and

(d) [Cl]/[OH] = 1.

Fig. 4. Change in Epit and Erep as a function of [Cl]/[OH] ratio.
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As a matter of fact, although increasing of Epit leads to a

delay in the incubation time of pits nucleation, it will also

increase the adsorption of Cl � ions on the incipient anode

sites through increasing Epit, which aggravates anodic

dissolution of metal in pits. Since in SCP solution having

no chloride ion or in [Cl � ]/[OH � ] ratio less than 0.3, DE is

zero (Fig. 2), therefore, the initiated pits are entirely repaired

and in this situation the ipeak is equal to ipass as is presented

in Table 2. The maximum ipeak resulted at [Cl� ]/[OH � ]

ratio of 1. However, at [Cl� ]/[OH � ] ratios more than 1, the

ipeak will be reduced, so that ipeak at [Cl� ]/[OH � ] = 50 is

4.5 times less than that at ratio 1. This is an indication that

general corrosion is taking place instead of localized cor-

rosion.

3.2. Impedance measurements

The study of Nyquist plots resulting from impedance

measurements of mild steel in SCP solution with and

without Cl � ion (in a full frequency range 0.004–105

Hz), demonstrated the presence of two arcs in the imped-

ance spectra. These arcs are due to two-separated time

constants of the reactions taking place on steel surface.

The schematic Nyquist plot of such system is shown in

Fig. 5.

The Nyquist plot of mild steel in chloride free SCP

solutions is shown in Fig. 6 as both extended and high

frequency range. The high frequency arc with a capacit-

ive behavior is generally formed in a frequency range

from 103 to 105 Hz. However, this arc does not appear in

the extended frequency spectrum, because high and low

impedance networks are in series and the larger imped-

ance controls plot scaling, so the low impedance circuit

is not seen (Fig. 7) [22]. This arc can be observed at the

same frequency range even in double distilled water in

which concentration of OH � is low and steel is not in

passive state at that condition (Fig. 7). Therefore, the first

arc is probably related to the adsorption of OH � ions on

steel surface and not due to the passive film formation.

Moreover, its estimated capacitance (Table 3) with a

mean value of 0.2 mF cm� 2 is too low to be ascribed

to double layer capacitance which falls in the range 30–

60 mF cm � 2 [2]. By adding chloride ions to SCP

solution the high frequency arc is reduced and conse-

quently adsorption capacitance is enhanced (Table 3).

This trend is continued until high concentration of

Cl � , i.e., [Cl � ]/[OH � ] = 50 at which the capacitive

behavior is changed to inductive one. This inductive

response may be due to the formation of intermediate

compound on the surface resulting from corrosion

induced by chloride ions (Fig. 8).

The same behavior was observed in distilled water as

demonstrated in Fig. 7. This is in agreement with the

adsorption theory in which Uhlig and Bohni [23] described

the localized breakdown of passive film as a result of the

competitive adsorption of Cl � and OH � ions. According

to this theory, OH � ions adsorbed on the metal surface can

be dislodged and displaced by Cl � ions. However coverage

Table 2

Extracted data from polarization curves

[Cl� ]/

[OH� ]

Ecorr

(mV vs.

SCE)

Epit

(mV vs.

SCE)

Erep

(mV vs.

SCE)

DE

(mV vs.

SCE)

ipeak
(mA/cm2)

ipass
(mA/cm2)

0 � 326 590 590 0 0 10

0.3 � 334 590 590 0 10 10

0.6 � 423 530 � 423 956 600 < 10

1 � 443 530 � 443 976 10,000 –

10 � 565 � 100 � 565 465 500 150

15 � 568 � 133 � 568 435 1000 100

50 � 577 � 225 � 577 352 2200 150

Fig. 5. Schematic Nyquist plot for mild steel in alkaline solution.

Fig. 6. Nyquist plot of mild steel in chloride-free SCP solution.
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of metal surface by Cl � ion is not uniform, but ions are

preferentially adsorbed on more positive local sites [10].

The second arc which appeared at frequencies lower than

103 Hz is due to the interfacial reaction comprising two

processes with a similar and inseparable time constant.

These processes are passive film formation and charge

transfer reaction. Extrapolation of the second arcs to low

frequencies produced x-axis intersection values that could

be consider as RS +Rf +Rct. The Rad is negligible in com-

parison with the sum (Rf +Rct) (Fig. 5). Also, the capacit-

ance of interfacial reaction (Ci) was calculated according to

the formula:

Ci ¼ 1=wmaxðRf þ RctÞ w ¼ 2pf ð1Þ

For better analysis of the results, Table 3 demonstrates the

interfacial capacitance (Ci), Rs and the sum (Rf +Rct) for all

experiments.

The effect of various concentrations of chloride ions on

the EIS spectra of mild steel in SCP solution is illustrated as

a decrease in the second arc which is due to the breakdown

of passive oxide film on steel surface (Fig. 9). The chloride

ions are not consumed in the process but lead to breakdown

of the passive layer and allow the corrosion process to

proceed in higher rate [19].

It is remarkable that addition of Cl� with [Cl � ]/

[OH � ] ratio of 0 and 0.3 had more or less similar affect

on EIS spectra while a drastic change was observed at

[Cl � ]/[OH � ] = 0.6, which is the threshold value for

passivity breakdown.

It is known that the resistivity of original passive film is

high, therefore, diffusion of Cl � ions through it is performed

Fig. 7. High frequency Nyquist plot of mild steel in distilled water: (a) Cl �

free and (b) [Cl]/[OH] = 50.

Fig. 9. Extended frequency Nyquist plots of mild steel in SCP solution with

various [Cl]/[OH] ratio.

Fig. 8. High frequency Nyquist plots of mild steel in SCP solution with

various [Cl]/[OH] ratio.

Table 3

Effect of chloride ions on values of impedance parameters

[Cl� ]/

[OH� ]

Rs

(V cm2)

Rad

(V cm2)

Rs +Rad +

Rct +Rf

(V cm2)

Rct +Rf

(V cm2)

Cad

(mF/cm2)

Ci

(mF/cm2)

0.0 65 31 166,810 166,745 0.102 26

0.3 63 15 158,489 158,411 0.168 26

0.6 61 12 23,101 23,028 0.179 27

1.0 50 5 19,684 19,629 0.2 31

10 47 5 11,497 11,445 0.315 35

15 31 4 6244 6209 0.33 40

50 10 – 3700 3690 – 108
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via dislocation, grainboundary and other imperfections [13].

The penetration of Cl � has negligible affect on the resistivity

of oxide below the threshold value ([Cl� ]/[OH � ] = 0.6), but

above this value a severe change in resistivity is observed.

Quantitatively, in this regard, Rct +Rf value changed from

� 166 kV cm2 in free chloride SCP solution to � 23 kV cm2

at the [Cl � ][OH� ] = 0.6 (Table 3).

The Bode plots presented in Fig. 10 also show that by

addition of Cl � ion in a [Cl � ]/[OH � ] ratio greater than

0.6 the decrease in resistivity is slow. This confirms the

view that conductivity of passive film would be affected by

presence of Cl � ions especially at low concentration.

In contrast to the change in resistivity of oxide film, the

variation in the interfacial capacitance (Ci) is moderate. For

example, the Ci changes from 26 mF/cm2 at Cl � free

SCP solution to 27 mF/cm2 at [Cl � ]/[OH � ] = 0.6, which

is the state of highly localized corrosion (Table 3). How-

ever, the Ci has changed significantly to 108 mF/cm2 at

[Cl � ]/[OH � ] = 50 in which a general corrosion predom-

inates in comparison with localized mode. Since dissolu-

tion of metal in active state is considerably higher than in

localized corrosion at passive state, therefore, the Ci in high

concentration of Cl � ion would be raised increasingly.

4. Conclusion

(1) The rate of anodic dissolution of metal in the pits,

ipeak, is approximately proportional to DE (Epit�Erep). The

ipeak is maximum at the threshold concentration of chloride

ions ([Cl� ]/[OH � ] = 1) at which the passive film is pre-

sent. However, at the higher concentration of Cl � , DE and

consequently ipeak are reduced because of uniform corrosion

of metal.

(2) Adsorption of OH � ions on the metal surface in SCP

solution leads to formation of a capacitive arc at high

frequency range of Nyquist plot. However, in contaminated

SCP solution, the OH � ions would be dislodged and

displaced by Cl � ions to the extent that at high concentra-

tion of chloride ion the capacitive behavior is changed

completely to inductive.

(3) At a frequency lower than 103 Hz, the second arc

observed on the Nyquist plot of the mild steel in SCP

solution is due to the interfacial reaction consisting of two

process with a similar time constant. These processes are

passive film formation and charge transfer reaction. Addi-

tion of Cl � ions to SCP solution causes a severe decrease in

Rf + Rct at the [Cl � ]/[OH � ] = 0.6, in which localized

breakdown of passive film would occur. However, at higher

concentrations, the variation in resistivity is slow.

(4) The interfacial capacitance (Ci) is slightly changed by

the addition of Cl � , until the amount at which localized

corrosion will be replaced by the general mode. At this

condition, Ci would be significantly increased. Therefore,

interfacial capacitance, Ci, is affected mainly by the mode of

corrosion on the metal surface.
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