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This paper reviews recent research results on the formation and the pitting susceptibility of passive
films formed on iron and iron-based alloys in neutral solutions, obtained in authors’ groups with
electrochemical techniques including linear sweep voltammetry, alternative current impedance,
electrochemical nose, and scan reference electrode techniques. At first, the formation process of the
passive film on iron in neutral aqueous is described. The process involves the formations of Fe(OH),,
Fe;0, and Fe,Os. The content of Fe** in a passive film reflects the stability of the passive film. Then,
the electronic properties and the pitting susceptibility of passive films formed on iron and an iron-
based alloy and their relation are considered. The passive film formed on iron or iron-based alloy has a
structure with point defects that consist of metal interstitials, metal vacancies and oxygen vacancies.
The nature of the passive film depends on the point defects that can be represented by the donor
density of the passive film. Mott-Schottky relation can be used to determine the electronic properties
of the passive film. The relationship between reciprocal square capacitance and potential meeting the
Mott-Schottky behavior is limited at a narrow range of low potentials. At higher potentials, the
reciprocal capacitance not reciprocal square capacitance is proportional to potential, which is ascribed
to the increasing thickness of the passive film with potential. The pitting susceptibility of a passive
film is proportional to the donor density of the passive film and influenced by the formation potential
of the passive film, inhibitors and microstructures of base metals. The stability of a passive film
increases with increasing formation potential of the passive film. In the case of the formation of
passive films by inorganic inhibitors, the stability of the passive film formed by chromate is best,
followed by nitrite and then bicarbonate. The passive film formed on ferrite is most unstable, followed
by martensite and then hypoeutectoid. There exists interaction between different microstructures,
which results in pitting initiation and propagation on the microstructure with a weaker passive film.
Pitting corrosion takes place on ferrite when coupling ferrite with hypoeutectoid or matensite, and on
martensite when coupling martensite with hypoeutectoid.
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1. INTRODUCTION

Iron and its alloys are the most popular metallic materials that have been used in industry. It
depends on the nature of the passive films formed on the alloy surface whether their applications are
successful or not. Although much work has been done, the nature of the passive films formed on iron
or iron-based alloys have not yet been well understood. Especially, less knowledge on the relationship
between the electronic property and the pitting susceptibility can be found from published literatures.
This paper reviews recent research results on the formation and the pitting susceptibility of passive
films formed on iron and iron-based alloys in neutral solutions[1-11], obtained in authors’ groups with
electrochemical techniques including linear sweep voltammetry, alternative current impedance,
electrochemical nose, and scan reference electrode techniques.

2. EXPERIMENTAL PART

A pure iron (Alfa, 99.95%) and an iron-based alloy, with a composition (wt%) of 0.47 C, 1.20
Mn, 0.15 Si, 0.05 P, 0.06S, 0.40 Cu, 0.40 Ni, 0.15 Mo, and 0.19 V, were used. To determine the
metallographic microstructures, specimens were polished with 0.05 pm Al,Os3, then etched with 0.2%
HNO; ethanol solution and observed under a microscope. Based on the observation under the
microscope, ferrite (iron), martensite and hypoeutectoid areas were determined and cut to make ferrite,
martensite and hypoeutectoid electrodes. The cut specimens were connected electrically with copper
wires, coated with a masking paint, and embedded in epoxy resin to expose a flat working surface.
Prior to each measurement, the working surface of all specimens was polished, rinsed with deionized
water and ethanol successively.

2.2 Solutions

All solutions, expect for special remark, were prepared with deionized water and analytical-
grade reagents. A buffer solution with 0.136M borate (H;BO3; + Na,B407.H,O, pH=8.4) was used in
the investigation of the formation process of the passive film on iron. Several solutions with and
without NaCl, containing inorganic inhibitor, NaNO,, Na,CrOs; and NaHCOj; respectively, were used
in the investigation of electronic properties and pitting susceptibility of passive films.

2.3 Electrochemical measurements

Voltammogram, chronopotentiogram and alternative current impedance measurements were
performed in a conventional three-electrode electrochemical cell, using CMS300 System (Gamry
Instruments, Inc.) or PGSTAT-30 (Autolab, Eco Echemie B.V. company). A large platinum net was
used as the counter electrode, and a saturated calomel electrode (SCE) was used as the reference
electrode. Potentials in this chapter were the values with respect to SCE. In the impedance
measurements, the frequencies are from 10° to 10” Hz and the amplitude of the AC voltage is S mV. In
the Mott-Schottky measurements, the frequency was 10° Hz, potential step was 5 mV and the
amplitude of the AC voltage is S mV.
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Scanning reference electrode technique (SRET) is an in-situ technique used to study the
electrochemical process during localized corrosion without interrupting the process taking place.
Within the electrolyte directly above a localized electrochemical active site, there exist an
electromagnetic field. A probe consisted of two platinum wires can sense the potential difference
between two different places where the two platinum wires are located. This potential difference then
is processed by a differential amplifier. By scanning the SRET probe over the surface of the test
specimen immersed in an electrolyte, these fields may be mapped out as a function of x and y or
monitored with respect to time. Resulting data can be instantly displayed, stored and manipulated in a
number of formats including individual linescans, area maps and sequential time related images. In this
chapter, potential distributions over specimen surfaces were measured with SP100 SRET system
(EG&G Instruments).

Electrochemical noise technique has been used to study the metastable pitting process taking on
metals. In electrochemical noise measurements, two identical electrodes with the same material and the
same electrode size are connected with a zero resistance amperometer (ZRA). In this case, current and
potential fluctuations reflecting corrosion process are random occurrences in positive or negative
direction and corrosion process may take place at both electrodes. In this chapter, electrochemical
noise technique was used to determine the pitting susceptibility of a metal and also used to observe the
interaction between two different materials. In the measurement of pitting susceptibility, identical
specimens were used as two working electrodes. In the case of interaction observation, different
specimens with same working surface areas were used as two working electrodes. Based on the
directions of the recorded current or potential fluctuations, on which working electrode the corrosion
process took place could be determined. The measurements were carried out with AutoZRA.3 System
(ACM Instruments), in sequences with the time of each sequence measurement being 250 seconds and
with a sampling time of 0.5s. The couple potential was monitored with a SCE.

All the measurements were carried out at ambient temperature. Cell electrolyte was open to
air and quiescent during the experiments expect for special remark.

3. RESULTS AND DISCUSSION
3.1 Formation process and electronic property of passive film on iron in neutral solution

3.1.1 Brief summary on literatures

It has been accepted that passivity of iron is caused by the presence of a thin three-dimensional
oxide film. However, different conclusions have been drawn on the structure and the chemistry of the
passive film on iron. A bilayer model for the passive film was first proposed with an electron
diffraction study[12]. This model consisted of Fe;O4 at the iron/film interface and y-Fe,O; at the
film/solution, both of which have the spinel structure. Tjong et el[13] also proposed a bilayer model
from a combination of secondary ion mass spectrometry (SIMS) and electron spectroscopy for
chemical analysis (ESCA), but it consisted of an inner anhydrous layer and an outer hydrated layer.
The conflicting results were ascribed to the possible changes in the passive film created by ex situ
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measurements[14]. To understand more detailed structure and chemistry of the passive film of iron, a
number of in situ methods have been used, such as Mossbauer[15,16], surface-enhanced Raman
spectroscopy (SERS)[17-18], extended X-ray absorption fine structure (EXAFS)[19-21], scanning
tunneling microscopy (STM)[22,23], synchrotron X-ray diffraction[24], Raman spectroscopy[25], ect.
With the results available, although there still is somewhat difference from each other, a clearer picture
describing the structure and the chemistry of the passive film on iron can be drawn. The passive film
has a spinel structure like Fe;O4 or y-Fe,Os. It is not stoichiometric but defective Fe;O4 or y-Fe,0s][3,
26]. The passive film stoichiometry varies continuously with distance from its interface with the
underlying iron. Fe;O4 and y-Fe,O3 have an inverse spinel structure. In Fe;O4 one-third of the positions
of the iron ions are tetrahedral ones occupied with Fe®* and two-thirds are octahedral positions half-
and-half occupied by Fe’ and Fe**. In v-Fe>O3 one-ninth of the octahedral positions are vacant, and all
iron is in the trivalent state[27]. y-Fe,O3 is sometimes described as cation-deficient Fe;O4, and a
continuous range of stoichiometries between y-Fe,O; and Fe;O4 has been found[28]. Fe;O4 can be
considered the intermediate of y-Fe,O3; formation and therefore the passive film formed on iron can be
described as cation-deficient Fe;O,4. The growth of such a passive film is assumed to be controlled by
diffusion/migration of ionic point defects that are able to act themselves as electron donor, thus
ensuring a strong coupling between the ionic defect structure and the mechanism of electronic
conduction[4-7, 29].

The electronic properties of the passive film can be determined with Mott-Schottky
relationship[30-34], i.e., the change of the space charge layer capacitance (C) of the passive film with
applied potential (E):

1 2

kT
— = E-E, L 1
C? eeoeND( P ) M

where £is the dielectric constant of the passive film, & the vacuum permittivity, e the electron charge,
Np the donor density, Ep the flatband potential, £ the Boltzmann constant, and 7 the absolute
temperature. However, not the Mott-Schottky relationship but a linear relationship between the
reciprocal capacitance and electrode potential has been proposed[35,36]. This apparently causes the
suspicion on the application of the Mott-Schottky relationship in the performance determination of the
passive film. The conflicting results are ascribed to the less understanding of the passivation process of
iron and the different methods used for the capacitance determination of the passive film.

3.1.2 Anodic polarization behavior

Fig.1 is the polarization curve of iron electrode in 0.136M borate buffer solution under nitrogen
atmosphere. In this solution, iron is characteristic of an active-passive metal. When the potentials are
more negative than —0.76V (point a in Fig. 1), the electrode experiences a cathodic process. This
cathodic process should be ascribed to the hydrogen evolution reaction, because the experiment was
carried out under nitrogen atmosphere and no other reducible species existing in the solution. From
point a toward positive potential, current increases and follows a Tafel relationship with potential
before the potential approaches to point b (-0.6V). The iron is in an active region. As the potential
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increases, the current reaches a maximum (3.4*10’5A/cm2) at point b and then decreases. The iron
begins to be passivated. The Iron is in an active-passive region from point b to point b’ and enters into
a passive region from point b’ (-0.46V) to point d (0.9V). In the passive region, the current from point
b’ to point ¢ (0V) is higher than that from point ¢ to point d. When the potential is more positive than
0.9V, the iron experiences a transpassive process.
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Figure 1. Polarization curve of iron electrode in 0.136M borate buffer solution, ImV/s

It has been well reported that iron is characteristic of an active-passive metal in acidic, neutral
and alkaline solutions. In sulfuric acid solution, iron experiences dissolution reactions before it enters
into passive state in sulfuric acid solution:

Fe + OH — Fe(OH),4s + € )
Fe(OH),qs — Fe(OH)" + ¢’ 3)

The existence of the reaction intermediate Fe(OH),q is verified by the inductance loop of
complex plane impedance diagrams in AC impedance spectroscopy[37]. Iron dissolves into solution in
the form of Fe(Il) in its active region. In concentrated alkali solution, soluble Fe(Il) and Fe(Ill) was
detected by ring-disc electrode technique in the active region of iron[38,39]. The reaction mechanism
was proposed as:

Fe — Fe(Il) + 2¢” “4)
Fe(Il) — Fe(IIl) + ¢ ®))

To understand the reaction mechanism in active-passive region and so as to understand the
formation process of the passive film on iron in neutral solution, chronopotentiometric experiments
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under anoidic charging and open circuit and alternative current impedance experiments were carried

out.
3.1.3 Chronopotentiometric responses

Fig. 2 shows the anodic charging curve of iron electrode in the borate solution with a constant
current density of 42.3 pA.cm'z, which is a little larger than the passivation current density (34pA.cm'2)
of Fig.1. The curve sections ab’, b’d and de of Fig. 2 correspond respectively to active and active-
passive region, passive region, and transpassive region of Fig. 1. In the passive region of Fig. 2 (from
point b’ to point d), the curve section b’c shows an “s” shape curve but the section cd shows a linear
line. This indicates that the reactions involved in section b’c of Fig. 1 and Fig. 2 are different from
those in section cd of Fig. 1 and Fig. 2.
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Figure 2. Anodic charging curve of iron electrode in 0.136M borate solution with 42.3pA.cm'2

More information can be drawn from Fig. 2. Firstly, in the section ab’, the potential remains
almost steady after a quick increase at the beginning. This indicates that a new phase is formed on iron
in the active region during its anodic oxidation. The new phase is uniform (unity activity) and different
from the base iron, so the potential for formation of the new phase is less dependent of the amount of
the new phase and the base iron. This new phase is also conductive so little /R drop exists in the phase.
Based on the thermodynamics of iron in aqueous solution[40], this new phase should be an Fe(II)
compound, which shows no protection for iron from corrosion. The abrupt change in potential of point
b’ in Fig. 2 can be ascribed to the formation of a monolayer compound, which can inhibit the further
oxidation of iron and iron begins to enter into passive region. Secondly, the increasing potential with
time in the section b’d must be related to the reaction involved in at least two compositions in one

phase or to the thickening of a phase with less conductivity.
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Fig.3 shows the potential decay curves of iron electrode after passivation at different potential
for 30mins in 0.136M borate buffer solution. It can be found that all the potentials drop to the active
region of iron in Fig. 1 a certain time after the formation potential for iron passivation is switched off.
This indicates that the passive film can dissolve into the solution in the form of soluble species. The
dissolution of the passive film may come from chemical and electrochemical effects. The direct
dissolution of Fe (III) and Fe (II) into solution from the passive film contributes to the chemical effect.
The electrochemical effect can be ascribed to the interaction between the couple Fe (III)/Fe (II) and the
couple Fe (II)/Fe. The common features for the potential decay in Fig.3 are: the first abrupt potential
drop occurs immediately after the formation potential is switched off, then a slow decrease of potential
follows, and another abrupt potential drop before the potential enters into active region of iron. The
first potential drop can be ascribed to the IR drop of the passive film. Table 1 lists the IR drops of the
passive film formed at different potentials, which is the difference between the formation potential of
the passive film and the potential immediately after the formation potential is switch off. The potential
decreasing slowly is in the passive region of iron in Fig.3, corresponding to the b’c region in Fig. 2.
This must be related to the dissolution of the passive film and the decrease of the amount of iron with
higher valence (Fe(IIl)) in the passive film. The time for the potential of the iron electrode to enter into
active region is related to the thickness of the passive film and the amount of the iron with higher
valence in the passive film.
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Figure 3. Potential decay curves of iron electrode in 0.136M borate buffer solution after passivation
for 30mins at different potentials.

It can be found, from Fig.3 and Table 1, that from OV to 0.75V of the formation potential the IR
drop in the passive film and the time for the film dissolution increase significantly but the switch-off
potential almost keeps unchanged. This indicates that in this potential region the passive film has a
relatively defined composition and the passive film is thickened with increasing potential. Based on the
thermodynamics of iron in aqueous solution system[40], this stable composition should be Fe,Os-like
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compounds, named as Fe,;Os3 in this chapter. Therefore, the section cd of Fig. 1 and Fig. 2 corresponds
to the thickening of Fe,O3 passive film. Comparing the potential decay behavior of —0.3V with OV of
the formation potential, it can be found that the open circuit potentials of the passive film increase with
increasing the formation potential, but the time for the film dissolution remains almost the same. This
indicates that in this potential region the thickness of the passive film remains unchanged but the
amount of the iron with higher valence in the passive film increases with increasing the formation
potential. Therefore, the oxidation current from —0.3V to OV of Fig. 1 corresponds to the oxidation of
iron from low valence to high valence in the same phase, which can be ascribed to the oxidation of
Fe(I) to Fe(Ill). The time for the dissolution of the passive film formed at OV is a little less than that at
-0.3V. This may be caused by the higher amount of Fe(Ill) in the passive film that favors the
dissolution of the passive film with the same thickness. The potential of the passive film formed at —
0.45V decays quickly, indicating that the passive film formed at this potential is easy to dissolve into
solution. Comparing the potential decay behavior of the passive film formed at -0.45V with at 0.3V,
it can be found that there little /R drop exists in the passive film but the time for the film dissolution
and the open circuit potential increase with the formation potential. This indicates that in this potential
region the passive film is conductive and the amount of iron with higher valence (Fe(Ill)) in the
passive film increases with increasing the formation potential of the passive film. The increase in time
for the film dissolution from —0.45V to —0.3V may be ascribed to the thickening of the passive film as
well as the increase of the amount of Fe(IIl) in the passive film.

Table 1. Switch-off potential and /R drop of passive film formed on iron at different potentials

Passivation potential Switch-off potential

v v IR drop/V
0.75 0.17 0.58
0.50 0.05 0.45

0 -0.18 0.18

-0.30 -0.33 0.03
—0.45 —0.48 0.03

With the results available, the passivation of iron in borate buffer solution can be described as
follows. The passive film on well passivated iron at high potential can be considered a y-Fe,Os-like
compound. The formation of this compound involves the formation of an Fe(Il) compound and the
oxidation of Fe(Il) to Fe(Ill). Since y-Fe,Os is a cation-deficient Fe;O, and has the same spinel
structure with Fe;O,4, Fe;O4 is one of the intermediates during the formation y-Fe,Os. In the active
region of iron, the less protective Fe(OH); is the main product. At point b in Fig. 1 a monolayer Fe;O4-
like compound, named as Fe;Oy in this chapter, is formed on the Fe(OH),/solution interface. Fe;O; is
conductive but protective to iron. In the active-passive region, the anodic reaction is mainly the
oxidation of Fe(OH), to Fe;O 4 and at point b’ of Fig. 1 the transformation of Fe(OH), to Fe;0y is
almost completed. From point &’ to point ¢ in Fig. 1 the anodic reaction is mainly the transformation of
Fe;04 to Fe,O3; and at point ¢ the transformation is almost completed. From point ¢ to point d the
anodic reaction involves the thickening of the passive film.
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3.1.4 Alternative current impedance spectra

Many researches on the passivation of iron have been reported by AC impedance[41-42].
However, the interpretations on AC impedance spectra of passivation of iron in aqueous solution are
diversified. Cause for the different conclusion is mainly from the different models set up by different
researchers. Based on the physical and chemical properties of iron/solution interface, the impedance of
the iron/solution interface consists of impedances of iron/passive film interface (Z,,), passive film (Z),
passive film/solution interface (Zy) and solution (R;). The total impedance (Z;) of a passivated iron in a
solution is:

Zi =Ry + Zys + Zp + Loy (6)

Fig. 4 is the complex plane impedance diagrams of iron electrode in 0.136M borate buffer
solution at potentials in the active region. Different from the results obtained in acidic solution, no
adsorption induction loop is observed in the complex plane impedance diagram for iron in borate
buffer solution at its active state. The complex plane impedance diagrams of Fig. 4 are composed of
two semicircles, indicating that the anodic oxidation of iron in active region involves two charge-
transfer-controlled steps. With the results available, the reaction process of iron in active region can be
formulated as:

Fe + 20H — [Fe(OH)]us + 2¢ 7)
3[Fe(OH)s] s + 20H — Fe;04 + 4H,0 + 2¢° (8)

[Fe(OH);].qs is built up as a new phase. Since the new phase is conductive (electronic or
ironic), the term Z; in equation (6) can be neglected and the interface between iron and solution can be
described with the equivalent circuit in Fig. 4c. R ; is solution resistance. R; and R, are the charge
transfer resistances of reaction (8) and (7), respectively. Q; and Q; are frequency dependent constant-
phase elements (CPE). The impedance (Z) of a CPE can be obtained with the following
relationship[43-45]:

Z=[0Go)"]" )

where @ is the frequency of alternative current, Q is a combination of properties related to both the
surface and the electroactive species, the exponent #n is the slope of the impedance-frequency Bode
plot. CPE has the properties of a capacitance when 0.5 < n < 1. Q; represents the capacitance of the
new phase [Fe(OH),].qs/solution interface and Q, the capacitance of the iron/[Fe(OH),].qs interface.
The fitting results (solid lines in Fig. 4) show the good agreement with the experiment results. The
element values of equivalent circuits from Fig. 4 to Fig. 6 are list in Table 2.
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Figure 4. Complex plane impedance diagrams of iron electrode in 0.136M borate buffer solution at
potentials of a: —0.70 and b: -0.65V in the active region, and equivalent circuit (c)

R; and R; of Fig. 4c decrease with increasing potential as shown in Table 2, indicating that
reactions (7) and (8) become more easy with increasing potential in the active region. The reaction (7)
is not controlled by the transport of OH™ but the charge transfer, so the [Fe(OH);],qs is built up and a
significantly thick [Fe(OH);].qs layer can be formed on iron. [Fe(OH);],4s cannot prevent the further
oxidation of iron till the potential of point » in Fig. 1 is reached, where a monolayer of Fe;Oy is
available. The monolayer Fe;O4 might play a role to hinder the transport of OH™ from solution to the
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surface of iron. Therefore, a film that consists of [Fe(OH),].qs and is less protective is formed in the
active region of iron. Reaction (8) takes place on the film/solution interface, which is independent of
reaction (7).

Table 2. Fitting results from complex plane impedance diagrams under different potentials

E R, R, R, Qx10° n Q, x10° n, W x10°
V,vs.SCE Q.cm? kQ.cm? kQcm? " Q'lem? s" Q'.em? Qls”

-0.70 147.4 3.64 4.23 47.72 0.8626 95.87 0.7447

-0.65 144.2 2.11 3.70 35.96 0.8469 14.78 0.7342

-0.60 141.5 -11.28 1.84 147.9 0.7411 29.09 0.8173

-0.55 138.4 -12.87 3.68 18.11 0.6571 64.12 0.8610

-0.30 145.2 99.50 57.76 0.8960 0.5632

-0.25 145.2 112.4 42.58 0.9087 0.3551
0.25 144.5 165.5 20.85 0.9271 0.1733
0.75 145.0 105.1 10.57 0.9425 0.2323

Fig. 5 is the complex plane impedance diagrams of iron electrode in 0.136M borate buffer
solution at potentials in the active-passive region. It can be found that the complex plane impedance
diagrams still have two semicircles, indicating that the anodic reaction process of iron in active-passive
region still involves two charge-transfer-controlled steps. The negative faradaic impedance in the
complex plane impedance diagrams is the feature of current decrease with increasing the potential. The
good fitting results (solid line) can also be obtained with the equivalent circuit of Fig. Sc, which is the
same as the Fig. 4c.

Different from the change in active region, both R; and R, increase with increasing anodic
potential as shown in Table 2. R; is far higher in active-passive region than in active region, indicating
that reaction (8) becomes difficult. This might be caused by the formation of the monolayer Fe;O4. The
formation of the monolayer Fe;O, hinders the transport of OH™ from solution to the film and hence
reduces the rate of reaction (8). With no OH™ available, reaction (7) will not takes place. Therefore, R
does not represent the charge transfer resistance of reaction (7) but another reaction. This reaction can
be ascribed to the oxidation of Fe(Il) in [Fe(OH);].4s to Fe(IIl), which corresponds to the formation of
spinel Fe;04. O, represents the capacitance of the film.

Fig. 6 is the complex plane impedance diagrams of iron electrode in 0.136M borate buffer
solution at lower potentials in the passive region. At this potential region, electrode process involves
only the transformation of Fe(Il) to Fe(Ill). Z,, can be neglected because of the good electric contact
between metal and the passive film. Zy, is determined by the electric double layer capacitance of the
film/solution interface and can also be neglected because of the large capacitance. Therefore, equation
(6) can be simplified as:

Z;,=Ry+ 7 (10)
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The fitting results obtained with a Randles equivalent circuit of Fig. 6¢, as shown by the solid
line in Fig. 6, are in agreement with the experimental results. This indicates that the reaction at this
potential region, which contributes to the transformation of Fe;O4 to Fe,0s;, is mix-controlled by a
charge transfer step and the diffusion of reaction species. Based on the point defect model[4,26], the
diffusion process can be ascribed to the transportation of the point defects in the passive film. In Fig.
6¢c, Q; is the capacitance of the passive film, R; is the charge transfer resistance and W is the Warburg
impedance of point defect diffusion.
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Figure 5. Complex plane impedance diagrams of iron electrode in 0.136M borate buffer solution at
potentials of a: —0.60 and b: -0.55V in the active-passive region, and equivalent circuit (c)
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Figure 6. Complex plane impedance diagrams of iron electrode in 0.136M borate buffer solution at
potentials of a: —0.3 and b:—0.25V in the passive region, and equivalent circuit (c)

A Randle equivalent circuit can also be used to fit the complex plane impedance diagrams of
iron electrode in 0.136M borate buffer solution at higher potentials in the passive region[10].
Therefore, the reaction at this potential region, which contributes to the thickening of the passive film,
is also mix-controlled by a charge transfer step and the diffusion of reaction species. The charge
transfer step can be ascribed to formation of Fe (III) from iron, which takes place at the metal/film
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interface, and the diffusion step to the transportation of point defects, which takes place in the film. R;
at these potentials in Table 2 represents the formation of Fe(III) from iron at the metal/film interface.

3.1.5 Determination of electronic property

With the values of Q obtained by fitting experimental data with a Randle equivalent circuit, the
capacitance (C) of the passive film on iron in 0.136M borate buffer solution at different potentials can
be obtained by[46]:

C=0(w")" (11)

where @'’ is the frequency at which the imaginary part has a maximum. Fig. 7 shows the
relationship of C' and C? with potential. It can be found that there is a linear relationship at the
potentials between OV and 0.75V in the c'~E plot. Since the potential increase corresponds to the
thickening of the passive film from OV to 0.75V, the linear relationship of C” ~ E should be ascribed
to the thickening of the passive film. It seems that there are linear relationships in the C” ~ E plot and
in the C* ~ E plot at the potentials between —0.4V and OV. All the linearity of linear relationship is
denoted in Fig. 7. This phenomenon can be explained by the capacitance value close to unity in F.m™.
Since no change in the thickness of the passive film from —0.3V to OV, the linear relationship of C* ~
E at this potential region can be ascribed to Mott-Schottky behavior.
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Figure 7. Relationship of the capacitance of passive film with potential on iron in 0.136M borate
buffer solution

The passive film can be considered to be a parallel capacitance:
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C=— 12)

where € and & have the same meaning as those in equation (1), d is the thickness of the passive
film. Assuming that the maximum thickness of the passive film, 401&[47—49], is reached at 0.75V, with
C equal to 14.15uF.cm™ and & equal to 8.854x10™*F.cm™, the dielectric constant (&) of the passive
film calculated with equation (12) is 63.9. This value is higher than the dielectric constant of y-Fe,Os,
which is 10[50]. This indicates that the passive film with a stoichiometrical y-Fe,O3 cannot be obtained
for iron in 0.136M borate buffer solution, even though the potential for the formation of the passive
film is high enough. The passive film can be considered to have same structure and composition, i.e. it
has same dielectric constant, during the potentials where its thickness increases with increasing
potential. With C equal to 44.74pF.cm™ at OV and € equal to 63.9, the thickness of the passive film
calculated with equation (12) is 13 A. With the same thickness of the passive film as that at OV and C
equal to 97.88uF.cm’2 at —0.3 V, the dielectric constant of the passive film at —0.3V calculated with
equation (12) is 144. This value is lower than the dielectric constant of Fe;O4 ( which is 250[50])
indicating that the content of F(II) in the passive film is less than that in Fe;04. These results are in
agreement with those demonstrated both by XANES and in-situ synchrotron x-ray diffraction[2]. The
passive film contains point defects that play roles of donors. Based on the equation (1) and the slope
(S) of Mott-Schottky line in Fig. 7, the donor concentration (Np) of the passive film can be obtained.
The donor density is related to the slope of Mott-Schottky line by:

S:2
geeN,,

(13)

With § equal to 10.94F2V'm* ¢ equal to 95.3 and e equal to 1.6x107°C, the donor density of the
passive film at 0.3V is 1.37x10*'m".

3.2 Relationship between pitting susceptibility and electronic property

3.2.1 Determination of pitting susceptibility

As shown in Fig. 1, well passivated iron can be reached by anodic polarization. Inorganic
inhibitors can also be used to passivate iron. Fig. 8a shows the anodic polarization curves of iron
electrode in 0.01M Na,CrOy solution. The electrode was well passivated, with low passive current
densities (less than 4pA.cm™) and a wide range of passive regions (from-0.4 to 0.9V). The anodic
polarization behaviors of iron was very similar to that of stainless steel in a buffer solution without
chromate ions[51]. An anodic oxidation peak showing the oxidation of chromium oxide appeared on
both anodic polarization curves at about 0.6V. The iron electrode itself contained no chromium, so the
chromium in the passive films should come from the reduction of chromate ions on the surface of the
iron electrode. When chloride ions were added in the chromate solution, breakdown of the passive film
on the passivated iron electrode occurred, as shown in Fig. 8b. The breakdown potential of passive
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film was -0.35V, which indicates that pitting takes place on the electrode. Pitting susceptibility can be
easily observed without damaging the electrode by electrochemical noise technique.
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Figure 8. Anodic polarization curves of passivated iron electrode in a: 0.01M Na,CrO4 and b: 0.01M
Na,CrO4 + 0.1M NaCl solutions, passivated in 0.01M Na,CrO; solution for 30min before experiment,
sweep rate: 0.2mV/s

Fig. 9 shows the current fluctuations characteristics of iron electrode after immersion in 0.01M
Na,CrOs + 0.1M NaCl solution for 9 hours. The iron electrodes was passivated for 30 min before
experiment. Each current fluctuation is accompanied by a potential fluctuation, which represents a
metastable pitting event. A metastable pitting event includes a quick increase of current accompanied
with a sharp drop of potential and a slow decaying of current accompanied by the recover of potential.
The former is caused by the pit initiation process, which results from the breakdown of passive film.
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The latter is produced by the repassivation of the breakdown passive film, which results in the death of
pitting[52-54]. Therefore, the metastable pitting rate is defined as the number of current peaks, both
plus and minus, in unit time. The current fluctuation amplitude in the electrochemical noise can be
quantitatively evaluated by the standard deviation of current fluctuations that is defined as follows:

N 172

Z(lj_;)

§=|——
N -1

(14)

where i; is the peak value of each current fluctuation and i is the mean currents, N is the number of
current peaks. The metastable pitting rate for the passivated iron in 0.01M Na,CrO4 + 0.1M NaCl
solution is 0.32 s and the standard deviation of current fluctuations is 3.0x10”> mA.cm™.

The current fluctuation deviation is also determined from the specimens of iron electrode in
0.01M NayCrOy solution without chloride, as shown in Fig. 9b. It can be found that the frequencies of
the current fluctuations for the passivated iron in the solution without chloride ions are very high and
the standard deviations of current fluctuations is 2.8x10” mA.cm™, far smaller than that in the solution
with chloride, which is 3.0x10”° mA.cm™. Such a difference in electrochemical noise indicates the key
role played by chloride ion in pitting processes and the low current fluctuations with high frequencies
may be ascribed to the slow dissolution and formation of the passive films.
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Figure 9. Current fluctuations of passivated iron electrodes in a: 0.01M Na,CrO4 + 0.1M NaCl and b:
0.01M Na,CrO;, solutions, after immersion in the solution for Shr.
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3.2.2 Effect of inhibitor

Chromate used to be an effective passivator for many metals and their alloys, but its application
is now prohibited due to its toxicity. Understanding more about chromate as a passivator will be
helpful to seek other substitutes for chromate. The passive film formed on iron by chromate mainly
consists of iron oxide and chromium oxide which come from the oxidation of iron by chromate and the
reduction of chromate. The anodic behaviors of passivated iron in chromate solution with and without
chloride ions have been shown in Fig. 8. It can be found that the corrosion potential of the passivated
iron becomes more negative, from —0.45 to —0.619V, and the passive film is broken at a low potential,
-0.350V, when 0.1M chloride ions exist in solution.

Bicarbonate and nitrite are two kinds of different inorganic inhibitors from chromate[55]. The
passive film formed by bicarbonate mainly consists of iron oxide and ferrous bicarbonate, which come
from the oxidation of iron by oxygen in the solution and the deposition of insoluble ferrous
bicarbonate. The passive film formed by nitrite consists of mainly iron oxide which comes from the
oxidation of iron by nitrite.
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Figure 10. Anodic polarization curves of passivated iron electrode in a: 0.5M NaHCO; and b: 0.5M
NaHCOs3 + 0.1M NaCl solutions, passivated in 0.5M NaHCOs; solution for 30min before experiment,
sweep rate: 0.2mV/s
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Fig. 10a shows the anodic polarization curves of iron electrode in 0.5M NaHCOj; solution. The
electrode was also well passivated: with small passive current densities, about 1uA.cm™, and a wide
range of passive potentials, from -0.3 to 0.9V. In the same behavior as in the chromate solution,
breakdown of the passive film on passivated iron occurred, as shown in Fig. 10b, when chloride ions
were added in bicarbonate solution. The breakdown potential of the passive film is —0.176V.
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Figure 11. Anodic polarization curves of passivated iron electrode in a: 0.1M NaNO, and b: 0.1M
NaNO; + 0.1M NaCl solutions, passivated in 0.1M NaNO, solution for 30min before experiment,
sweep rate: 0.2mV/s.

Fig. 11a shows the anodic polarization curve of iron electrode in 0.1M NaNO, solution. In the
same behavior as in chromate and bicarbonate solutions, the passivated iron electrode was also well
passivated: with small current densities (about 1uA.cm'2) and a wide range of passive potentials (from
0.2 to 0.8V), and breakdown of the passive film on the passivated iron electrode occurred, as shown in
Fig. 11b. The breakdown potential of the passive film is 0.020V.
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The polarization broken potential, which is obtained from the subtraction of the breakdown
potential from corrosion potential, can be used to represent the pitting susceptibility of a passive film.
Table 3 shows the polarization broken potentials of passive films formed by three passivators in the
solutions containing the same chloride concentration (0.1M). It can be found from Table 3 that the
passive film formed by bicarbonate is most susceptible to pitting, followed by nitrite and chromate.

Table 3. Some characteristic potentials and donor density of passive films formed on iron by
chromate, nitrite and bicarbonate

Corrosion Breakdown Polarization Donor densit
Passivator potential potential broken potential o y
\% \% A%
0.01M CrO* -0.619 -0.350 0.269 4.5X10%
0.IM NO, -0.216 0.020 0.236 4.8X10%
0.5M HCO;™ -0.307 -0.176 0.131 2.6X10%

Mott-Schottky measurements were carried out for passivated iron in 0.01M chromate, 0.5M
bicarbonate and 0.1M nitrite solutions. The results are shown in Fig.12. The iron electrodes were
passivated in each solution for 30min before experiment. The donor density representing the electronic
property of the passive film was determined by Mott-Schottky analysis. In the Mott-Schottky
measurement, the capacitance was measured by assuming that the Randle equivalent circuit of Fig. 6¢
was simplified to the capacitance of the space charge layer of the passive film connected with the
solution resistance in series. This assumption is reasonable because a high frequency (1kHz) is used in
the Mott-Schottky measurement. In the calculation of donor density, the dielectric constant of the
passive film € was taken as 15.6[34]. Good linearity between reciprocal square capacitance of passive
film and potential at the potentials from —0.2 to OV, as denoted in these figures, is applicable for the
passive films formed in these three kinds of passivators. The donor densities of the passive films
obtained by using equation (13) are listed in Table 3. It can be found from Table 3 that the donor
density of the passive film formed by carbonate is highest, followed by nitrite and chromate, which is
in good agreement with the difference in pitting susceptibility. This suggests that more stable passive
film can be formed by chromate than nitrite and bicarbonate, although the concentration of chromate is
low, 0.01M, compared to 0.1M nitrite and 0.5M bicarbonate.

In chromate solution, the couple [Cr(VI)/Cr(Il)] is responsible for the formation of passive
film. This favors the formation of Fe*" ions in the passive film. In nitrite solution, the couple [N(III)
/N(D]] is responsible for the formation of passive film, which is weaker for the formation of Fe*" ions
in the passive film than the couple [Cr(VI)/Cr(II)]. The donor density and the pitting susceptibility of
the passive film formed by 0.1M nitrite are very close to those of the passive film formed by 0.01M
chromate, as shown in Table 3. This suggests that 0.1M nitrite can match 0.01 M chromate for a stable
passive film to be formed. In bicarbonate solution, the iron oxide is formed by oxygen dissolved in the
solution. The oxygen concentration in the solution is so low that the passive film formed in this
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solution contains a higher donor density (higher Fe” concentration) than the passive films formed in
chromate and nitrite solutions do. Therefore, the passive film formed by 0.5M bicarbonate is more
susceptibe to pitting than those formed by 0.01M chromate and 0.1M nitrite.
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Figure 12. Mott-Schottky plots of passivated iron electrode in a: 0.05M Na,CrOy4, b: 0.5M NaHCOs,
and c: 0.1M NaNO; solutions
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3.2.3 Effect of formation potential

To understand the effect of formation potential on the electronic property and the pitting
susceptibility of passive film on iron, the iron electrode was passivated at different potentials in 0.01M
Na,CrOs solution for 30min, then Mott-Schottky and electrochemical noise measurements were
carried out on the passivated electrode. Fig.13 shows the Mott-Schottky plots of the passive films
formed at —0.2 and OV. The donor densities determined the method as described in Section 3.2.2 are
listed in Table 4. Mott-Schottky plot at —0.45V, which is the open potential of the passivated iron in
0.01M Na,CrOy solution, is shown in Fig. 11a.

Fig. 14 shows electrochemical noise of passive films formed at different potentials in 0.01M
Na,CrOg4 + 0.05M NaCl solutions. The iron electrodes were passivated at different potentials in 0.01M
Na,CrO;, solution for 30min before each experiment. The metastable pitting rate and the standard
current deviation, which represent the pitting susceptibility of the passive film, were determined by the
methods described in Section 3.2.1.

Table 4. Electronic properties and pitting susceptibility of passive films formed on passivated iron at
different potentials

Standard current

Formation potential  Donor densit Metastable pitting rate ..
P y P g deviation

V, vs.SCE x10%*m” S <10°mA em?
-0.45 4.5 0.33 24
-0.2 24 0.21 1.7
0 2.1 0.15 1.3

The passive film formed at lower potential had a higher donor density than that formed at
higher potential, indicating that there were more Fe®* but fewer Fe’* ions in the passive film formed at
lower potential than higher potential. Therefore, the passive film formed on iron at lower potential is
more susceptibe to pitting, and the pitting susceptibility is able to be improved by appling a positive
potential.

It is obvious that the donor density and the pitting susceptibility of the passive film increase
with decreasing the formation potential of the passive film. As the conclusion drawn from the
influence of inhibitors, the lower the donor density of a passive film, the more susceptive to pitting the
passive film. Thus, the relationship between electronic property and pitting susceptibility can be
established, i.e., the pitting susceptibility of a passive film is proportional to its donor density.

According to the point defect model[26], oxygen vacancies in passive film can absorb chloride
ions, which leads to the breakdown of the passive film. To keep electric charge balance in the passive
films, the higher the higher Fe®* concentration of a passive film, the more oxygen vacancies there are
in the passive film. Thus, there are more oxygen vancacies in the passive film with higher donor
density, which asorbes chloride ions more easily and results in the breakdown of the passive film. This
is the reason why the pitting susceptibility of a passive film is proportional to its donor density.
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3.2.4 Effect of microstructure

Iron-based alloys are widely used in industry due to their excellent strength, good
mechinability and good weldability, especially due to their low cost. An alloy with micro-alloyed
elements and with 0.43-0.47% carbon content has been widely used for pipeline to transport different
media such as water, oil and their mixtures. This alloy has a hypoeutetoid base structure, which
inevitably contains other microstructures such as ferrite and martensite due to the working process, as
shown in Fig.15. In this section, the effect of microstructures on the electronic property and pitting
susceptibility of the passive films formed on these microstructures are considered. The composition
(Wt%) of the alloy used is mention in experimental section. The iron electrode mention in experimental
section is used as ferrite electrode.

Figure 15. Microstructures in an iron-based alloy, a: martensite with ferrite bands, b: hypoeutectoid
with martensite bands, and c: hypoeutectoid with ferrite bands.
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Fig.16 shows the current fluctuations characteristics of ferrite, martensite and hypoeutectoid
specimens immersed in 0.01M Na,CrO4 + 0.1M NaCl solution. The specimens were passivated at
different potentials in 0.01M Na,CrO, solution for 30min before each experiment. The metastable
pitting rate and the standard current deviation determined by the methods described in Section 3.2.1
are listed in Table 5.The current for both ferrite and martensite displays significant fluctuations. It can
be found that the high-to-low order for both the amplitude and event number of current fluctuation is

ferrite > martensite > pearlite, which represents also the pitting susceptibility order of material.
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Figure 16. Current fluctuations of passivated a: ferrite, b: martensite and c: hypoeutectoid electrodes
after immersion in 0.01M Na,CrO,4 + 0.1MNacCl solution for 9 hours.
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Fig. 17 shows the Mott-Schottky plots of ferrite, martensite and hypoeutectoid electrodes
obtained in 0.01M Na,CrO4 + 0.1M NaCl solution. The iron electrodes were passivated in 0.01M
Na,CrO; solution for 30min before transferring to the test solution. Different from the Mott-Schottky
plot obtained in the solution without chloride ions, the reciprocal square of capacitance drop at a
negative potential lower than -0.1V. This results from the breakdown of the passive film due to the
existence of chloride ions. Linearity between reciprocal square capacitance of passive film and
potential at the potentials from —0.3 to -0.2V is applicable for the passive films formed on these three
microstructures. The donor densities of the passive films obtained by using equation (13) are listed in
Table 5. It can be found that the donor density of the passive film formed on ferrite is highest, followed
by martensite and then hypoeutectoid, which is in good agreement with the difference in pitting
susceptibility. Compared with the passive film formed on ferrite in the solution without chloride ions,
the passive film on ferrite in the solution without chloride ions has a far higher donor density,
11.2x10*"m™ for chloride-containing solution and 4.5x10*°m™ for chloride-free solution. This verifies
that the attack of chloride ions on a passive film results in the increase of donor density of the passive
film, which reflects the deficiency of the passive film.

Table S. Effect of microstructures on electronic properties and pitting susceptibility of passive films
formed in 0.01M Na,CrO4 + 0.1M NacCl solution

. . tandard current
Donor density  Metastable pitting rate S
-1

Microstructures 27 3 deviation
x107m s x10°mA.cm™
Ferrite 11.2 0.33 2.4
Martensite 9.5 0.26 0.38
Hypoeutectoid 8.9 0.03 0.14

The reason why there is difference in electronic property and pitting susceptibility might be
ascribed to the different crystal surfaces among ferrite, martensite and hypoeutectoid. Ferrite has a
BCC structure, o-iron, and martensite has the same crystal structure with austenite, which is a FCC
structure, y-iron. The surface with the FCC structure must have a more compact atom arrangement than
that with the BCC structure. Less defective passive film should be formed on the surface that has more
compact atom arrangement. Thus, the passive film formed on martensite is less defective than and
therefore not so easily attacked by chloride ions than the passive film formed on ferrite. Hypoeutectoid
consists of Fe;C and ferrite. The difference in electronic properties of the passive films formed on
hypoeutectoid and martensite might be ascribed to the existence of Fe;C in hypoeutectoid. The FesC in
hypoeutectoid might help form a more perfect passive film that contains less Fe®* ions. This passive
film is not so easily attacked by chloride ion and has higher stability than the passive film formed on
martensite.



Int. J. Electrochem. Sci., Vol. 2, 2007 654

20
18 1 o
16 4 w = 81106 + 32 64
a
14 + R’ = 09809 o
12 =
= nuun“ﬂuu
w10+ o
[ 87T "a
6 1 %
4 4+ o
Fon
2 4
0 f f f f !
0.5 0.4 0.3 0z 0 0
EMws 5CE
a
"m—-— 1
- |
25 4 o
o
w = 95674 + 39.59 P =
20 T R’ = 09574 o
< g
L 185 + “an,
L] e
—+ 'D'n‘mm
10 R
f5 4
0 } } } } !
.4 0.4 03 0.2 01 o
EM s 5CE
b
36
a0 4 w="101.75x% + 40.724
R = 09844
26 +
= 204
w
oo 18 1
T M
Ly
5 4
0 f f f f |
05 0.4 0.3 Erv SCE 0z 0.1 0
C

Figure 17. Mott-Schottky plots of ferrite, martensite and hypoeutectoid electrodes in 0.01M Na,CrO4
+ 0.1M NacCl solution.

3.3Interaction between different microstructures

Based on the results obtained in Section 3.2.4, pitting of an iron-based alloy with ferrite,
martensite and/or hypoeutectoid might take place favorably on the microstructure that has a more
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defective passive film. This shows the pitting behaviors on the iron-based with these microstructures.
Another purpose of this section is to study the interaction between two microstructures that have
different pitting susceptibility, which initiates and accelerates the pitting on the susceptive
microstructure.

3.3.1 Martensite and hypoeutectoid

The initiation and the propagation of pitting corrosion on the iron-based alloy with
microstructures of martensite and hypoeutectoid in ImM NaNO, + 1mM NacCl solution were observed
by the SRET system. Fig. 18 shows the variations of potential imaging with time. Fig. 19 shows the
surface morphology of the specimen before and after the potential scanning.

It can be seen from Fig. 18 that the potential distribution was nearly homogenous at the
beginning when the specimen was immersed in the test solution. One pit initiated on the bottom-right
corner after immersion for 20 minutes. Another pit appeared on the upper-middle side after immersion
for 40 minutes. Both pits propagated quickly with immersion time. As shown in Fig.18 and Fig.19,
pitting corrosion initiated and propagated only on the martensite phase rather than on the
hypoeutectoid phase although both had the same composition.

Fig. 20 shows Mott-Schottky plots obtained for martensite and hypoeutectoid electrodes in
NaNO; + ImM NaCl solution. Linear Mott-Schottky relations is applicable for both electrodes at
potential from —0.1 to OV. The linearity is denoted in the figure. The donor densities of the passive
films on martensite and hypoeutectoid electrodes determined by using equation (13) are 4.6x10° m™
for martensite and 8.4x10% m™ for hypoeutectoid. It is obvious that the passive film on martensite is
more defective than the passive film on hypoeutectoid. This is the main cause for the pitting initiates
favorably on martensite. On the other hand, there is an interaction between microstructures due to their
different pitting susceptibility.

To study the interaction between martensite and hypoeutectoid electrodes, electrochemical
noise technique was used. Martensite electrode was used as working electrode one (WEI1) and
hypoeutectoid electrode was used as working electrode two (WE2) along with an SCE reference
electrode. During measurements the current flowing between the two working electrodes and the
potential of the coupled working electrodes vs. the reference were recorded. A positive current means
that the current flows from WEI through the solution to WE2 while a negative current meant that the
current flows in the opposite direction.

Galvanic currents were recorded when martensite and hypoeutectoid electrodes were coupled
in nitrite solution with chloride ions. Since the recorded galvanic current was positive, the coupling
current flowed from the martensite electrode through the solution to the hypoeutectoid electrode.
Therefore galvanic corrosion occurred with the martensite electrode as the anode of the galvanic cell.
No pitting corrosion was observed when the martensite electrode was not coupled with hypoeutectoid
electrode after immersion in 10 mM NaNO; + 1 mM NaCl solution for 24 hrs. However, pitting
corrosion occurred on the martensite when martensite was coupled with the hypoeutectoid in the same
solution for the same time. Therefore, the galvanic effect between martensite and hypoeutectoid
electrodes resulted in the initiation and the propagation of pitting corrosion on the martensite.
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Figure 18. Potential imaging of iron-based alloy with microstructures of martensite and hypoeutectoid
in 1 mM NaNO; +1 mM NacCl solution, a: 1, b: 20, c: 40, d: 60, e: 80, and f: 100 minutes.
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Figure 19. Surface morphology of the specimen used in Fig. 18, a: before and b: after potential
scanning, H: hypoeutectoid, M: martensite.

The current fluctuations generated during the initiation of pitting corrosion have a shape of
quick increase and exponential recovery. Current and potential fluctuations were observed for the
system in which martensite and hypoeutectoid electrodes were coupled in 10 mM NaNO, + 1 mM
NaCl solution. Fig. 21 shows the typical galvanic current and potential fluctuations recorded in 10mM
NaNO; + ImM NaCl solution. The current and potential fluctuations corresponded to the surface
change on the martensite because anodic reaction took place on martensite electrode and hypoeutectoid
electrode was protected as a cathode. This change can be expressed by an equivalent circuit of the
interface capacitance between martensite and solution, Cy, connected with the anodic reaction
resistance on martensite, R, in parallel. Cy4 can be calculated from

Q=CqdE (15)
where Q is the electrical quantity of the anodic reaction and can be calculated by integrating the

exponentially decaying portion of the current fluctuation, and AFE is the amplitude of the potential
fluctuation. R can be determined by the time constant
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T=RCy (16)

which can be calculated from the relation of the exponentially decaying current with time

J= Aexp(-t/7) (17)
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Figure 20. Mott-Schottky plots of martensite and hypoeutectoid electrodes in NaNO, + 1mM NaCl
solution.

The values of Cy and R obtained are listed in Table 6

Table 6. Capacitance and resistance for the pitting corrosion on martensite electrode coupled with
hypoeutectoid electrode in 10 mM NaNO; + 1 mM NacCl solution

Immersion time Capacitance Resistance
min F.cm™ Q.cm’
137.5 42x 107 1.44 x 10°
154 26x10* 2.07x 10°
262 50x10* 1.14x 10°

It can be found from Table 6 that the interface capacitance is in the order of 10™ to 10” F.cm™.
These values are greater than space charge capacitance obtained from Mott-Schottky measurements,
which was in the order of 10® F.cm™ ( Fig.20). This indicates that the assumption in the Mott-Schottky
measurement that the Cgy is higher than Cs. is reasonable. The interface capcitance increased and the
anodic reaction resistance decreased with immersion time, indicating that the anodic reaction was
accelerated as the immersion time increased. Therefore, pitting corrosion on martensite was
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accelerated by the galvanic effect. It is the galvanic effect between martensite and hypoeutectoid

electrodes that induces and accelerates the pitting corrosion on martensite electrode.
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Figure 21. Current and potential fluctuations of martensite-hypoeutectoid couple in 10 mM NaNO; + 1

mM NaCl solution, after immersion for a:138, b:154, and ¢:262 minutes
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3.3.2 Ferrite and martensite

Fig. 22 shows the pitting behavior of iron-based specimen with ferrite and martensite. It is
apparent that pitting takes place on ferrite whose passive film is more defective than that on martensite.
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Figure 22. Surface morphology of specimen with martensite and ferrite, a: martensite (dark area) and
ferrite (light area) bands, b: pits initiated on ferrite phase after exposure to tap water for 7 h, and c: pit
on ferrite
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Fig.23 shows the potential and current fluctuations measured from coupled ferrite (WE1) and
martensite (WE2). A large background current (about 1x10° mA.cm™) occurred between the
electrodes indicating that there is a galvanic effect. The positive current means that ferrite is the anode,
i.e., the current flows from ferrite through the solution to martensite. It is found that the current
fluctuation peaks in Fig.23a is always in positive direction, indicating the metastable pitting events are
always found on the ferrite surface.

The potential fluctuations in Fig.23b are somewhat different. The fast increase of the current
was also accompanied by a decrease of the galvanic potential. However, when the current decayed the
potential did not recovered but kept negative. On the other hand, the frequency of current fluctuations
was very low, one or two fluctuations in each measuring sequence. This suggests that the stable pitting
took place on ferrite due to the galvanic effect between two electrodes.
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Figure 23. Potential and current fluctuations of coupled ferrite and martensite in 0.01M Na,CrO4 +
0.05M NacCl solution, after immersion for a: 2 and b: 9hr.
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Figure 24. Potential and current fluctuations of coupled ferrite and hypoeutectoid in 0.01M Na,CrO4 +
0.05M NacCl solution, after immersion for a: 4, b: 5 and c: 6hr.



Int. J. Electrochem. Sci., Vol. 2, 2007 663

3.3.2 Ferrite and hypoeutectoid

Fig. 24 shows the potential and current fluctuations with ferrite as working electrode WE1 and
hypoeutectoid as the working electrode WE2 in 0.01M Na,CrO,4 + 0.05M NacCl solution. It is obvious
that there exists a galvanic effect between ferrite and hypoeutectoid. The positive current means that
the current flows from ferrite through the solution to hypoeutectoid. Therefore, ferrite becomes the
anode in this galvanic couple. In the galvanic couple, the current fluctuated only on the upper side of
the background current (about 1x10” mA.cm™), indicating that the fluctuations reflect the dissolution
on the ferrite surface. The quick increase of the current was accompanied by a decrease of the galvanic
potential. However, when the current decayed the potential did not recover. On the other hand, the
frequency of current fluctuations was very low, one or two fluctuations in each measuring sequence.
This suggests that stable pits were formed on ferrite due to the galvanic effect.

4. CONCLUSIONS

The formation of a passive film on iron involves following processes: the deposition of ferrous
hydroxyl in active region, the formation of magnetite in active-passive region, the transformation of
magnetite to maghemite at lower potential in passive region, and the thickening of the film at higher
potential in passive region. The existence and content of divalent iron in a passive film reflect the
crystal defectiveness of the passive film, which can be described by donor density in the passive film.
Donor density can be determined by Mott-Schottky relationship, i.e., the linear relationship between
reciprocal square capacitance of passive film and potential. However, the Mott-Schottky relationship is
only applicable at a narrow potential range, from —0.3 to OV vs. SCE for the passive film on iron in
neutral solution.

The pitting susceptibility of a passive film is proportional to the electronic property of the
passive film. Passivator, formation potential and microstructure of the matrix metal can affect the
electronic property of a passive film and therefore the pitting susceptibility of the passive film. There is
difference in electronic properties and pitting susceptibility of passive films formed by chromate,
bicarbonate and nitrite. The passive film formed by chromate is most stable, followed by nitrite and
then carbonate. To avoid the application of chromate due to its toxicity, nitrite with a higher
concentration can be used to substitute for chromate. For example, 0.1M nitrite can almost match
0.0IM chromate in forming a passive film with the same electronic property and pitting susceptibility.
It is reasonable that the stability of a passive film increases with increasing formation potential of the
passive film. The electronic property and the pitting susceptibility of a passive film can be improved
by increasing the formation potential of the passive film. The stability of a passive film is also
sensitive to the microstructure of its matrix metal. The passive film formed on ferrite is most unstable,
followed by martensite and then hypoeutectoid.

There is an interaction between two microstructures with different electronic property and
pitting susceptibility, which results in pitting initiation and propagation on the microstructure with a
weaker passive film. Pitting corrosion takes place on ferrite when coupling it with hypoeutectoid or
matensite, and on martensite when coupling it with hypoeutectoid..
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