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Impedance measurements were performed for alloy 22 in the passive and transpassive range, in 1 M NaCl at 90�C. A RX-(R//CPE)
circuit model was applied in the full passive range, where R was the film resistance. This model also applied for a wide range of
chloride concentrations and pH values, at the open circuit potential. Two time constants were observed at the beginning and at the
end of the passive range. In these cases, the resistances for the ion transfer might be located at the film interfaces, and not in the film
itself. The protective properties of the film improved with polarization time due to the thickening and ageing of the film. The film
resistance and the space charge layer thickness increased with the potential. The oxidation of Cr3þ to Cr6þ occurred in the film at
high potentials, followed by the transpassive dissolution. In the pre-transpassive range of potentials, the film showed a p-type
electronic character, while the ionic properties were that of a passive film. The passive film of alloy 22 was an n-type semiconductor,
which changed to a p-type for the high passive potentials. ND¼ 2.7� 1020 cm�3 and EFB¼�0.551 VSCE were determined.
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The outstanding corrosion resistance of stainless steels and chro-
mium containing nickel-based alloys is due to the spontaneous de-
velopment of a chromium-rich passive overlayer. These corrosion
resistant alloys require certain minimum chromium content for the
passive film to be formed.1,2 Passivation results from the formation
of a continuous oxide or oxi-hydroxide layer on the metal surface.
This thin film protects the alloy against corrosion by isolating it
from the corrosive environment.3–5 Passive films formed on corro-
sion resistant alloys generally comprise bilayered structures consist-
ing of a defective oxide that grows directly into the metal and an
outer hydroxide layer.6 Passivity is characterized by a low corrosion
rate which is independent of the anodic potential, while the potential
is in the passive range.3,4 The ionic conduction in passive films is
given by point defects such as cation vacancies, oxygen vacancies
and cation interstitials. Although the passive films are poor ionic
conductors, they may be good electronic conductors.5,6 From the
standpoint of the electronic properties, the passive films formed on
corrosion resistant alloys are semiconductors. They behave as
n-type or p-type semiconductors with a very high donor or acceptor
concentration. They are also modeled as p-n junctions, with an inner
n-type layer and an outer p-type layer, according to their bilayered
structure.4,6–11

Alloy 22 (UNS N06022) is a member of the Ni-Cr-Mo family.
This alloy offers an outstanding corrosion resistance in a wide
variety of highly-corrosive environments.1 Alloy 22 develops a
chromium-rich passive film which is stable even in hot acidic solu-
tions.12–18 This alloy is considered for the fabrication of the corro-
sion-resistant barrier of high-level nuclear waste containers. These
containers should fulfill a requirement of thousands years of life-
time.19 The passivity of alloy 22 has been studied in detail recently,
considering that this timeframe of use is beyond any other engineer-
ing application.20–27

Electrochemical impedance spectroscopy (EIS) and single fre-
quency impedance measurements have been used extensively to
study in situ the electronic and ionic properties of the passive film
developed on alloy 22 and other corrosion resistant alloys.14–18,20–27

Impedance data can be analyzed by using an exact mathematical
model based on plausible reaction mechanisms that predict the theo-
retical impedance, such as linearized reaction models; or by empiri-
cal electrical analogs (equivalent circuits).28 The point defect model
(PDM) is a mechanistic model developed to interpret impedance
data from passive systems.29 The passive corrosion of alloy 22, as a
potential engineering barrier in high-level nuclear waste isolation,
has been successfully modeled in terms of the PDM.20–22 The inter-

pretation in terms of equivalent circuits raises some ambiguities, but
it is a convenient and simple choice that may provide valuable infor-
mation. Fitting of electrical analogs to EIS data has been used for
obtaining the polarization resistance and the passive film capaci-
tance of alloy 22. The choice of an incorrect equivalent circuit has
no consequence for the measured polarization resistance or corro-
sion rate, since the difference between the limits of the impedance
at low and at high frequencies is independent of the form of the
reactive components.28 On the other hand, the capacitance values
may be more dependent on the proposed equivalent circuit. In the
absence of a redox couple in solution, the polarization resistance is
related to the ionic properties of the passive film. The interfacial
capacitance has been related to the electronic properties of the film.6

The definition of an appropriate equivalent circuit for the
studied system is the first step in analyzing the impedance data. The
RX-(R//CPE) equivalent circuit usually fits for most of passive sys-
tems.14–20,25–27,30 The good fit of simple linear equivalent circuits to
the collected EIS data says that the data are reliable, since these
circuits fulfill a priori the Kramers-Kronig (K-K) transformation.
Studies about the K-K transformation of passive alloy 22 are repor-
ted elsewhere.21,25 The RX-(R//CPE) circuit may be reduced to a
RX-CPE circuit when only the impedance in the high-frequency range
is collected. The appearance of additional time constants in the im-
pedance spectra complicates the interpretation of the data in terms of
equivalent circuits, since some assumptions should be made. Series
and cascade R//CPE equivalent circuits have been proposed for fitting
to impedance spectra with more than one time constant.14–18,20,30 It is
common to associate the time constants with processes within the
passive film and at the film interfaces.16,20 Other authors have attrib-
uted time constants to reactions associated with adsorbed protons at
low potentials or with adsorbed anions at high potentials.31,32 Most of
the authors agrees that the passive film properties are associated with
the high-frequency time constant.18,20,21,25–27,31

The results of impedance measurements on passive alloy 22 indi-
cate that the polarization resistance increases with the anodic
applied potential in the passive range. This has been attributed to
the increase of the passive film thickness.21,27 The barrier layer of
the passive film is thought to be made of defective Cr2O3,20,22 which
is in agreement with the reported composition obtained by ex situ
microanalysis.12,13 The ionic conduction of the film is attributed to
interstitial cations (Cr3þ) or oxygen vacancies (O¼).20,22 The pas-
sive film was found to be an n-type semiconductor for low potentials
in the passive range, which changes to p-type for higher poten-
tials.21–25,27,30 The reported donor concentrations are in the range of
1020–1021 cm�3. The change in the type of semiconductivity is
thought to be related with the oxidation of Cr3þ to Cr6þ in the film
and its further dissolution.21,22 Nevertheless, the change inz E-mail: maalrodr@cnea.gov.ar; carranza@cnea.gov.ar
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semiconductivity occurs at potentials significantly lower than that of
the current density increase due to the transpassive dissolution.27

Mo and W are reported to be in the outer regions of the passive film.
They become important in maintaining low passive currents at high
passive potentials.12,13

Important information on the semiconducting properties of pas-
sive films has been collected by using the Mott-Schottky (MS) anal-
yses.7–11,21–25,27,30 The MS equation establishes a relationship
between the space charge capacitance of a semiconductor (CSC) and
the applied potential (E) under circumstances where a depletion
layer exists at the semiconductor surface.28,33 Equation 1 gives the
MS relationship for an n-type semiconductor, where EFB is the flat
band potential, ND is the donor density, e is the dielectric constant
of the film, e0 is the vacuum permittivity (8.85� 10�14 F/cm), e is
the electric charge (1.602� 10�19 C) and k is the Boltzmann con-
stant (1.38� 10�23 J/K)

1

C2
SC

¼ 2

ee0eND

E� EFB �
kT

e

� �
[1]

The study of the semiconducting properties of passive films is
obscured by the fact that the measured capacitance is significantly de-
pendent on the selected measurement frequency. The MS analyses
are usually performed by impedance data obtained at a single fre-
quency.7–11,21–24,27,30 The selection of the frequency for impedance
measurements in the MS analyses is not generally based in solid fun-
damentals. Measurements at high frequencies are preferred since the
impedance can be measured quickly and the passive film is slightly
modified by the polarization. The selected frequencies range from
1 Hz to 10 kHz. A simple equivalent circuit must be assumed. Most of
the authors agree in selecting a series R-C circuit.21–25,27,29,31,34,35,42 In
some publications, the selected circuit is not explicitly stated.9,10,36

Some authors have proposed the parallel R//C circuit for calculating
the capacitance of passive films.32,37

The use of a constant phase element (CPE) in electrical analogs
to deal with passive alloys as electrodes displaying frequency dis-
persion is very common in the literature.14–18,21,25–27 The frequency
dispersion of the passive film properties have been attributed to sev-
eral sources such as the non-uniform distribution of donors, the con-
tribution of surface states, the dielectric relaxation within the deple-
tion layer, the amorphous nature of the film and the presence of
deep donor states.28,37 In the recent years, there was a considerable
advance in the knowledge of electrodes displaying frequency disper-
sion obtained by the use of the local EIS (LEIS) technique.38–41 It
was determined that geometric current and/or potential distributions
by themselves can lead to CPE behavior. A distinction between
two-dimensional (2D) and three-dimensional (3D) distributions was
stated. In the case of 2D distributions, the origin of the CPE behav-
ior was the distribution of the high-frequency resistance associated
with the geometry of the electrode. In the case of 3D distributions,
the CPE behavior is due to effects in the normal direction to the
electrode surface.38

The problem of the frequency dispersion in the Mott-Schottky
(MS) analyses has been recognized and treated in recent publica-
tions.18,25,42,43 Harrington and Devine developed a procedure which
consists in conducting MS tests at different frequencies. Then, the
obtained data are used for building a pseudo-EIS diagram for each
measured potential.25,42 An equivalent circuit including a CPE is
used for fitting to the data, and the capacitance is calculated by using
an appropriate expression.44 Darowicki et al.43 proposed the use of
dynamic EIS (DEIS) for determining the MS relationship. DEIS
allows obtaining the composition of impedance spectra versus
potential. Although the equivalent circuit proposed for fitting does
not account for the CPE behavior, the authors indicate that the deter-
mination of the space charge capacitance by DEIS does not depend
on frequency selection.43

The semiconducting properties of the passive alloy 22 have been
studied recently in some detail.21–25,27,30 The passive film of alloy
22 is depicted as an n-type semiconductor which changes its charac-

ter to p-type for high anodic potentials. Bellanger and Rameau30

studied alloy 22 in pH 3, Na2SO4 at temperatures from 20 to 70�C.
The MS analyses led to ND¼ 4.9� 1020 cm�3 and EFB¼�0.300
VSCE. Priyantha et al.21 studied the passivity of alloy 22 in pH 3, sat-
urated NaCl at 80�C by electrochemical impedance. They report
ND¼ 6.7� 1020 cm�3 and EFB¼�0.342 VSCE obtained from im-
pedance measurements at 5 kHz via the MS analyses. Raja et al.23,24

performed an MS analyses of passive alloy 22 in 0.5 M H2SO4

at 24�C. They measured the impedance at 1 kHz and 3 kHz
and reported ND values from 3� 1021 to 4.1� 1021 cm�3 and
EFB¼�0.248 VSCE. Harrington and Devine25 report
ND¼ 3.3� 1020 cm�3 and EFB¼�0.859 VSCE for alloy 22 in borate
buffer solution at 22�C. The high-frequency capacitance data has
also been used to calculate the passive film thickness.14–17,21,24 This
common practice is inconsistent with the observed semiconducting
behavior of alloy 22, as pointed out elsewhere.18,21 The protective
properties of the passive film developed on alloy 22 are attributed to
a chromium-rich barrier layer.12,13 Comparative studies of the pas-
sive films developed in alloy 22 and in pure chromium indicates the
passive films only differ in EFB.25 Nevertheless, a controversy exists
regarding the semiconducting character of the passive film of chro-
mium. Kong et al.34 reported a passive film of p-type for chromium
in sulfate and borate solutions, with pH values ranging from 0 to 10.
Kim et al.35 propose an electronic band structure model consisting
of an outer p-type Cr(OH)3 layer and an inner n-type CrOOH layer,
with two space charge layers, for chromium in pH 8.5, buffer borate
solution. Tsuchiya et al.36 informed that the passive films of chro-
mium and Fe-Cr alloys in 0.1 M H2S04 are composed of an outer
Cr(OH)3 layer (n-type) and an inner Cr2O3 layer (p-type) with a p-n
heterojunction. Sunseri et al.45 suggest that the passive film of chro-
mium in sulfate and borate solutions is an insulator or a slightly
p-type semiconductor. Bojinov et al.46 indicate that the passive film
of chromium in sulfate solutions of pH 0 and 5 is an insulator with
an appreciable concentration of defects confined to the interface.

In the present paper, the passive film formed on alloy 22 in chlo-
ride solutions at 90�C was studied by electrochemical impedance
measurements. The results were analyzed in terms of simple equiva-
lent circuits, as those reported in the recent literature.20–27 The aim
of the present work was to describe the passive film properties of
alloy 22 in terms of equivalent circuit analogs, obtaining informa-
tion of its ionic and electronic properties.

Experimental

Alloy 22 (N06022) specimens were prepared from wrought mill
annealed plate stock. The chemical composition of the alloy in
weight percent was 59.56% Ni, 20.38% Cr, 13.82% Mo, 2.64% W,
2.85% Fe, 0.17% V, 0.16% Mn, 0.008% P, 0.0002% S, 0.05% Si,
and 0.005% C (Heat 059902LL1). Specimens were used in the mill
annealed condition (MA). Two different types of specimens were
used (a) Prismatic: a variation of the ASTM G 5 (Ref. 47) specimen,
which contains an artificial crevice formed by a PTFE compression
gasket; and (b) Cylindrical: a cylinder of 1.9 mm of diameter par-
tially immersed in the test solution without any artificial crevice.
The tested surface areas were approximately 10 cm2 for the pris-
matic specimens and 2 cm2 for the cylindrical specimens. The speci-
mens had a finished grinding of abrasive paper number 600 and
were degreased in acetone and washed in distilled water within the
hour prior to testing.

Electrochemical tests were conducted in a one-liter three-elec-
trode vessel (ASTM G 5) (Ref. 47). EIS measurements were per-
formed at the open circuit potential or corrosion potential (ECORR)
and also under potentiostatic control. The tests at ECORR were per-
formed in naturally aerated chloride solutions of different concentra-
tion and pH. The tests under potentiostatic control were performed
in deaerated pH 6, 1 M NaCl. In the latter case, nitrogen (N2) was
purged through the solution 1 h prior to testing and it was continued
throughout the entire test. A water-cooled condenser combined with
a water trap was used to avoid evaporation of the solution and to
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prevent the ingress of air (oxygen). The temperature of the solution
was maintained at 90�C by immersing the cell in a water bath,
which was kept at a constant temperature. All the tests were per-
formed at ambient pressure. The reference electrode was a saturated
calomel electrode (SCE), which has a potential of 0.242 V more
positive than the standard hydrogen electrode (SHE). The reference
electrode was connected to the solution through a water-cooled Lug-
gin probe. The reference electrode was kept at room temperature.
The electrode potentials were not corrected for the thermal liquid
junction potential, since it was assumed to be on the order of a few
mV.48 The counter electrode consisted in a flag of platinum foil
(total area 100 cm2) spot-welded to a platinum wire. All the poten-
tials in this paper are reported in the SCE scale. The impedance
measurements were carried out using a Solartron SI 1260 impedance/
gain-phase analyzer coupled to a Solartron SI 1287 electrochemical
interface potentiostat.

The electrochemical tests consisting in three consecutive steps
were performed in deaerated pH 6, 1 M NaCl using prismatic and
cylindrical specimens. The steps are explained as follows:

(1) A polarization at an anodic potential until reaching a steady
state current.

(2) An EIS measurement at the corresponding applied
potential.

(3) A single frequency impedance measurement scanning the
potential in the cathodic direction.

The potential applied in step 1 was in the range of �0.4 to þ0.4
VSCE, which covered the passive range and the beginning of the
transpassive dissolution. The time needed to reach the steady state
(or pseudo steady state) conditions was about 20 h, in most of cases.
In step 2, the EIS measurements were performed by superimposing
a 10 mV amplitude sinusoidal potential signal to the applied poten-
tial. The frequency scan was started at 10 kHz and ended at 1 mHz.
An additional EIS test, reversing the frequency scan (from 1 mHz to
10 kHz), was performed in some cases to verify the steady state
conditions. Parameters of simple equivalent circuit mathematical
models were fitted to these data. The fits were performed with the
software ZView 2 version 3.1c, from Scribner Associates, Inc.
The errors reported for the fit parameters are those obtained with the
software fitting tool. The errors of the calculated parameters were
obtained from the propagation of error. The equivalent circuits used
in the present paper for fitting to the EIS experimental results are
shown in Fig. 1. Step 3 was performed only for the higher applied
potentials. A single frequency impedance measurement was per-
formed at a selected frequency, by scanning the potential from the
corresponding applied potential to �0.6 VSCE, in steps of 50 mV.
Then, the potential scan was reversed, ending at the corresponding
initially applied potential. These measurements were used for the
MS analyses. The capacitance was calculated according to Eq. 2, by
assuming a series R-C equivalent circuit. Z” is the imaginary part of
the impedance and f is the frequency

C ¼ �1

2�fZ
00 [2]

EIS measurements at ECORR were performed in aerated chloride sol-
utions using prismatic specimens. The equivalent circuit of Fig. 1b
was used for fitting to these EIS experimental results.

The equivalent circuits used for fitting to the EIS data included a
CPE to deal with the frequency dispersion of the electrode. Brug
et al.44 and Hsu and Mansfeld49 proposed Eqs. 3 and 4, respectively,
for calculating the capacitance of an electrode displaying a CPE
behavior. CB and CHM are the capacitances according to Brug
et al.44 and Hsu-Mansfeld,49 respectively; Q and a are the pre-
exponential factor and the exponent of the CPE, respectively; RX

and R are the ohmic and the polarization resistances, respectively;
and fHM is the frequency at which the imaginary part of the imped-
ance shows a maximum

CB ¼ Q1=a 1

RX
þ 1

R

� � a�1ð Þ
a

[3]

CHM ¼ Q 2�fHMð Þa�1
[4]

For passive alloys in relatively concentrated solutions, R�RX and
Eq. 3 can be simplified to Eq. 5. As the studied system is well repre-
sented by equivalent circuits of the type RX-(R//CPE), Eq. 4 can be
expressed in terms of the fit parameters as Eq. 6.42 The calculation
of the passive film capacitance from the fit parameters was per-
formed using Eq. 5 (Brug et al.44) and Eq. 6 (Hsu-Mansfeld)49

CB ¼ Q1=aR
1�að Þ
a

X [5]

CHM ¼ Q1=aR
1�að Þ
a [6]

Results

Figure 2 shows a potentiodynamic polarization curve of alloy 22
in pH 6, 1 M NaCl at 90�C. The range of the performed EIS meas-
urements is shown in Fig. 2. The EIS tests were carried out every
0.1 V, from �0.4 toþ 0.4 VSCE, covering the passive range and the
beginning of the transpassive dissolution. Different EIS spectra
were obtained depending on the applied potential. The same tests
were performed using prismatic and cylindrical specimens. The lat-
ter type of specimens was used for avoiding crevice corrosion at the
highest applied potentials. The shapes of the EIS spectra were iden-
tical for both types of specimens. Additional EIS tests performed
reversing the frequency scan led to identical results, indicating that
the system was at least in pseudo steady state conditions.

Figure 3 shows the Bode diagram corresponding to an EIS mea-
surement at 0.1 VSCE, in the full passive range. The EIS spectra
obtained at potentials from �0.3 to 0.2 VSCE showed a single time
constant. Passive alloys are expected to behave as blocking electro-
des when tested under potentiostatic control, in the absence of
oxidizing species.40 This behavior is best represented by a series
RX-CPE circuit (Fig. 1a), where RX is the ohmic resistance and the
CPE accounts for the frequency dispersion of the passive film prop-
erties. Nevertheless, since the low frequency range of the impedance
spectra was considered, the RX-(R//CPE) circuit (Fig. 1b) provided

Figure 1. Equivalent circuits used for fitting to the EIS spectra (a) RX-CPE
(b) RX-(R//CPE) (c) RX-(R1//CPE1)-(R2//CPE2).
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the best fit, and it was used in the present work. The additional re-
sistance of the latter circuit (R) was associated with the passive film
resistance, which has a finite value.

Figure 4 shows the Bode diagram corresponding to an EIS mea-
surement performed at �0.4 VSCE. A second time constant appeared
at �0.4 VSCE. The equivalent circuit of Fig. 1c was fitted to the
experimental data. The origin of the additional time constant
appearing at this low passive potential was not clear. The processes
occurring at the metal/passive film interface, at the passive film/
solution interface, and within the passive film barrier layer, have
been associated to a single time constant each.16,20 In the present
case, the high-frequency time constant (�1) was attributed to proc-
esses at the metal/film interface, and the low-frequency time con-
stant (�2) was attributed to processes at the film/solution interface.
The film barrier layer was assumed to be thin or highly defective at
�0.4 VSCE, so that the resistances to the ion transfer were located at
the film interfaces. Other interpretations of these impedance data
were proposed.16,20

Figure 5 shows the Bode diagram corresponding to an EIS mea-
surement at 0.3 VSCE, in the beginning of the transpassive range.

The impedance spectra at 0.3 and 0.4 VSCE showed two time con-
stants and the equivalent circuit of Fig. 1c was fitted to the experi-
mental data. Again, �1 was attributed to processes at the metal/film
interface and �2 was attributed to processes at the film/solution
interface. The barrier layer of the passive film was broken down at
these potentials, and a thicker but non-protective transpassive film
was developed.13 The reaction taking place in the transpassive range
was the solid state oxidation of Cr3þ to Cr6þ within the film, and its
further release into the solution.21,22,31,46

Table I summarizes the fitting parameters obtained from all the
EIS tests. The polarization at 0.2 VSCE and higher potentials using
prismatic specimens led to crevice corrosion initiation and these
results were discarded. The impedance responses of the two differ-
ent types of specimens used (prismatic and cylindrical) were simi-
lar. The value of a was close to 0.9 for all the measurements in the
full passive range (from �0.3 to 0.2 VSCE), validating the associa-
tion of the CPE to a frequency disperse electrode. At a potential of
�0.4 VSCE, the value of a was also close to the unit (0.8–0.93) for
the two time constants. At potentials in the transpassive region, the
value of a2 was in the range of 0.8–0.9 (low-frequency time

Figure 2. Potentiodynamic polarization curve of alloy 22 in deaerated pH 6,
1 M NaCl at 90�C (scan rate: 0.167 mV/s). The range of potentials for the
EIS tests performed under potentiostatic control is shown.

Figure 3. (Color online) Bode diagram corresponding to an EIS measure-
ment at 0.1 VSCE for a cylindrical specimen of alloy 22 in deaerated pH 6,
1 M NaCl at 90�C, and the corresponding fit with a RX-(R//CPE) circuit
(Fig. 1b).

Figure 4. (Color online) Bode diagram corresponding to an EIS measure-
ment at �0.4 VSCE for a prismatic specimen of alloy 22 in deaerated pH 6,
1 M NaCl at 90�C, and the corresponding fit with a RX-(R1//CPE1)-(R2//
CPE2) circuit (Fig. 1c).

Figure 5. (Color online) Bode diagram corresponding to an EIS measure-
ment at 0.3 VSCE for a cylindrical specimen of alloy 22 in deaerated pH 6,
1 M NaCl at 90�C, and the corresponding fit with a RX-(R1//CPE1)-(R2//
CPE2) circuit (Fig. 1c).
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constant), but a1 was in the range of 0.65–0.7 (high-frequency time
constant). The latter might not be associated with a frequency dis-
perse electrode. At the potentials where two time constants
appeared, the high-frequency resistance (R1) was negligible com-
pared to the low-frequency resistance (R2) (Table I). In the previ-
ous interpretation of the impedance results, the processes at the
metal/film interface (�1) were faster than those at the film/solution
interface (�2).

Figure 6 shows the capacitance values calculated according to
Brug et al.44 (Eq. 5) and to Hsu-Mansfeld49 (Eq. 6) as a function of
the applied potential, for alloy 22 in 1 M NaCl, at 90�C. Only the
measurements in the full passive range (from �0.3 to 0.2 VSCE)
were considered. The average value usually assumed for the capaci-
tance of the Helmholtz layer (CH) is indicated for comparison. The
capacitances obtained for cylindrical and prismatic specimens were
similar. The values of CB were consistent with those corresponding
to a capacitance of a thin passive film,18 while those of CHM were
significantly higher. The Hsu-Mansfeld49 expression led to capaci-
tances higher than those expected for the Helmholtz layer (Fig. 6),
which was incompatible with the presence of a passive film.

The values of CB obtained from Eq. 5 were considered as the se-
ries combination of the space charge capacitance of the passive film

and the Helmholtz layer capacitance. CSC was calculated according
to Eq. 7, assuming CH¼ 30 �F/cm2

CSC ¼
1

CB

� 1

CH

� ��1

[7]

The values of CB at �0.4 VSCE (two time constants, �1 and �2) were
CB1¼ 39 �F/cm2 and CB2¼ 69 �F/cm2, for the prismatic speci-
mens, and CB1¼ 24 �F/cm2 and CB2¼ 31 �F/cm2, for the cylindri-
cal specimens. In the transpassive range, the values of CB were
CB1¼ 8.3 �F/cm2 and CB2¼ 65 �F/cm2 at 0.3 VSCE, and CB1¼ 8.7
�F/cm2 and CB2¼ 23 �F/cm2 at 0.4 VSCE. The capacitance at the
metal/film interface (CB1) was the lowest one, both at �0.4 VSCE

and at the transpassive potentials. The accumulation of charge at the
film/solution (2) interface was larger than at the metal/film (1) inter-
face, which might be related to the higher resistance to the ion trans-
fer (R2�R1) of the former interface (Table I).

The high-frequency capacitance data are frequently used to cal-
culate the passive film thickness.14–18,21,24 In the present case, a
semiconducting film was considered, so the thickness obtained with
these calculations would be that of its space charge layer. Equation
8, for a parallel plate capacitor, was used for calculating the space
charge layer thickness (dSC) in the full passive range. A value of
e¼ 30 was considered based on the literature.20 CSC was obtained
from Eq. 7

dSC ¼
e0e
CSC

[8]

Figure 7 shows the space charge layer thickness and the total resist-
ance to the ion transfer (R or R1þR2) as a function of the applied
potential. A linear increase of dSC was observed as the potential
increased. The error associated with dSC was large since the parame-
ter e had to be assumed and its error was considered to be De¼ 5.
An anodizing constant of 2.1 to 2.2 nm/V was obtained by least
squares fit between �0.3 and 0.1 VSCE, which is in agreement with
that reported by Priyantha et al.21 The resistance increased with the
applied potential from �0.4 to 0 VSCE or 0.1 VSCE, and then it
started to decrease. The space charge layer thickness also decreased
from 0.1 to 0.2 VSCE. This drop of dSC and the resistance was attrib-
uted to the onset of the transpassive reaction.

Experiments were also performed for assessing the effect of the
polarization time on the passive film properties, in the full passive
range. Figure 8 shows the evolution of R and CSC as a function of
the polarization time, at 0.1 VSCE. As the polarization time increased
the ionic properties of the film improved (R increased) and CSC

Table I. Fit parameters for equivalent circuits corresponding to EIS measurements of alloy 22 in deaerated pH 6, 1M NaCl at 90�C.

E[VSCE] RX[X cm2] R or R1[MX cm2] Q or Q1[X�1 sa] a or a1 R2[MX cm2] Q2[X�1 sa] a2

Cylindrical specimens

�0.4 1.17 6 0.04 0.011 6 0.005 4.1E-4 6 6E-5 0.80 6 0.07 1.57 6 0.05 1.35E-4 6 2E-6 0.928 6 0.003

�0.3 1.53 6 0.04 1.05 6 0.05 9.33E-5 6 8E-7 0.879 6 0.002 — — —

�0.2 1.66 6 0.05 4.9 6 0.1 7.39E-5 6 5E-7 0.893 6 0.001 — — —

�0.1 1.73 6 0.05 8.2 6 0.4 5.53E-5 6 3E-7 0.901 6 0.001 — — —

0.0 1.65 6 0.05 16 6 2 5.05E-5 6 3E-7 0.908 6 0.001 — — —

0.1 1.54 6 0.05 10 6 2 5.73E-5 6 4E-7 0.901 6 0.001 — — —

0.2 1.61 6 0.05 6.2 6 0.4 7.89E-5 6 4E-7 0.879 6 0.001 — — —

0.3 1.43 6 0.02 0.0015 6 0.0001 9.6E-4 6 2E-5 0.646 6 0.002 2.8 6 0.2 3.93E-4 6 3E-6 0.886 6 0.002

0.4 1.32 6 0.03 0.005 6 0.001 6.2E-4 6 3E-5 0.690 6 0.002 1.7 6 0.1 2.90E-4 6 6E-6 0.826 6 0.005

Prismatic specimens

�0.4 2.58 6 0.06 0.0014 6 0.0005 1.4E-3 6 2E-4 0.91 6 0.04 1.2 6 0.1 8.9E-4 6 9E-5 0.90 6 0.02

�0.3 4.03 6 0.03 2.14 6 0.05 2.93E-4 6 1E-6 0.903 6 0.001 — — —

�0.2 3.72 6 0.06 5.2 6 0.1 2.58E-4 6 1E-6 0.910 6 0.001 — — —

�0.1 3.72 6 0.09 10.5 6 0.9 2.86E-4 6 2E-6 0.905 6 0.001 — — —

0.0 2.80 6 0.04 10 6 2 2.19E-4 6 1E-6 0.916 6 0.001 — — —

0.1 3.80 6 0.09 14 6 2 2.10E-4 6 2E-6 0.914 6 0.001 — — —

Figure 6. (Color online) Capacitances according to Brug et al.44 (CB) and
Hsu-Mansfeld49 (CHM) obtained from EIS tests in prismatic and cylindrical
specimens of alloy 22, in deaerated pH 6, 1 M NaCl at 90�C.
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decreased. These observations suggest a film thickening and possi-
bly the changing of its dielectric properties (e) as the polarization
time increased.

Figures 9 and 10 show the Bode diagrams corresponding to EIS
tests at ECORR in aerated pH 6, 5 M CaCl2 and aerated pH 0.4, 0.4
M HClþ 0.6 M NaCl, at 90�C, respectively. The latter solution cor-
responds to a pH value slightly higher than the depassivation pH in
aerated conditions.18 Several tests were performed after 24 h of
immersion in aerated chloride solutions at 90�C, in open circuit con-
ditions. The fitting parameters for a RX-(R//CPE) circuit (Fig. 1b)
corresponding to these EIS measurements are listed in Table II. In
these environmental conditions, the passive dissolution of the alloy
was balanced by the reduction of the oxygen dissolved in solution.
The same EIS response was observed in a wide range of pH values
(from pH 0.4 to 13) and chloride concentrations (0.1 to 10 M).
Again, the capacitance values obtained from the expression of Brug
et al.44 (Eq. 5) were consistent with the presence of a protective pas-
sive film. The expression of Hsu-Mansfeld49 (Eq. 6) led to capaci-
tance values too large to be compatible with those of a passive film,
as reported elsewhere.18

MS analyses were performed for obtaining information about the
semiconducting properties of the passive film. Measurement of the
entire impedance spectra at each potential value was not possible

since the long polarization may cause significant modifications of
the passive film properties. The capacitance was calculated from
single frequency impedance measurements by assuming a series R-
C circuit. In the present work, the passive film of alloy 22 was
described in terms of a RX-(R//CPE) circuit, in the full passive
range. The capacitance CB was found to be representative of the
interfacial capacitance. The correct frequency for obtaining CB from
a single impedance measurement, assuming a R-C circuit, is fB as
defined in Eq. 9 (Appendix)

fB ¼
1

2�RXCB
½9�

The value of fB from Eq. 9 depends on the values of RX and CB to
be measured. It was assumed that RX and CB in the MS analyses
would be similar to that previously obtained from the EIS tests.
Considering the data from Table I and Fig. 6, average values of
fB¼ 5 kHz and fB¼ 10 kHz were calculated for the prismatic and
cylindrical specimens, respectively. The MS analyses were

Figure 7. (Color online) Total resistance for ion transfer (R or R1þR2) and
space charge layer thickness (dSC) as a function of the applied potential for
alloy 22 in deaerated pH 6, 1 M NaCl at 90�C.

Figure 8. (Color online) Passive film resistance (R) and space charge layer
capacitance (CSC) as a function of the polarization time for a prismatic speci-
men of alloy 22 polarized at 0.1 VSCE in deaerated pH 6, 1 M NaCl at 90�C.

Figure 9. (Color online) Bode diagram corresponding to an EIS measure-
ment after 24 h of immersion at ECORR for a prismatic specimen of alloy 22
in deaerated pH 6, 5 M CaCl2 at 90�C, and the corresponding fit with a RX-
(R//CPE) circuit (Fig. 1b).

Figure 10. (Color online) Bode diagram corresponding to an EIS measure-
ment after 24 h of immersion at ECORR for a prismatic specimen of alloy 22
in deaerated pH 0.4, 0.4 M HClþ 0.6 M NaCl at 90�C, and the fit with a RX-
(R//CPE) circuit (Fig. 1b).
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performed at fB¼ 10 kHz using cylindrical specimens, since they
allow a faster measurement (the higher fB, the shorter the testing
time). The described procedure is an alternative to that proposed by
Harrington and Devine.42 The capacitance CB was calculated
according to Eq. 2, and CSC was obtained by Eq. 7.

Figure 11 shows the MS plot for a cylindrical specimen after 20
h of polarization at 0.1 VSCE in pH 6, 1 M NaCl at 90�C. A hystere-
sis was observed between the forward and the reverse scans, indicat-
ing that the passive film properties are slightly modified by scanning
the potential in the cathodic direction. Each single impedance mea-
surement lasted approximately 7 s, and the total length of the test
was 210 s. The same procedure was repeated for different film for-
mation potentials (EFF). The data from the forward scans (cathodic
direction) was used for calculating ND and EFB. Figure 12 shows the
MS plots after 20 h of polarization at potentials in the passive range
in pH 6, 1 M NaCl at 90�C. Similar results were obtained for the dif-
ferent EFF. The passive film of alloy 22 showed an n-type semicon-
ducting behavior, changing to p-type for the higher potentials. Table
III shows the values of ND and EFB obtained from linear least
squares fits of Eq. 1 for each EFF. The obtained parameters did not
vary significantly with EFF. The average values were
ND¼ 2.7� 1020 cm�3 and EFB¼�0.551 VSCE.

Figure 13 shows the values of CB as a function of the potential
for the EIS tests, and for some of the MS tests in cylindrical speci-
mens of alloy 22 in pH 6, 1 M NaCl at 90�C. The high-frequency
and the low-frequency capacitances (CB1 and CB2) were plotted for
those tests showing two time constants (EIS tests at �0.4, 0.3, and
0.4 VSCE). The capacitance values from MS tests include those after
polarizations at �0.2, 0.0 and 0.2 VSCE, in the passive range. The

test performed after polarization at 0.4 VSCE, corresponds to the
transpassive film. The capacitance values from the EIS tests corre-
spond to the steady state passive film at each potential. The capaci-
tances of EIS tests were similar to those of MS tests in the full
passive range. The capacitances of the MS test of the transpassive
film (EFF¼ 0.4 VSCE) were slightly lower than those obtained in the
full passive range. These values are shown for comparison, since
according to the proposed interpretation the measured capacitance
was not that of the film but the interfaces capacitance. The capaci-
tance values were more dependent on the measurement potential
than on the passive film formation potential.

Discussion

Electrochemical impedance has been used recently to study pas-
sive alloy 22 in chloride solutions.14–18,20–27 In some of these stud-
ies the data are analyzed in terms of the PDM, while in some other
works the interpretation is in terms of electrical analogs. In the pres-
ent work, equivalent circuits were used for obtaining the ionic and
electronic properties of alloy 22. The passive film impedance was
found to predominate in the full passive range. The passive film
resistance increased and the interfacial capacitance decreased with
the polarization time (Fig. 8). The protective properties of the film
improved in time under potentiostatic conditions, which may be
attributed to film thickening and aging processes. The aging proc-
esses include chromium enrichment of the passive film barrier layer
and the dehydration of the film.3,32 These processes may modify the
dielectric constant of the film. The passive film resistance and the
thickness of the space charge layer increased with the applied

Table II. Fit parameters for a RX-(R//CPE) circuit corresponding to EIS measurements in prismatic specimens of alloy 22 at ECORR, after 24 h

of immersion in chloride solutions at 90�C. CB and CHM are the capacitances calculated according to Eqs. 5 and 6, respectively.

Solution ECORR[VSCE] RX[X cm2] R[MX cm2] Q[X�1 sa] a CB[�F/cm2] CHM[�F/cm2]

pH 6, 5M CaCl2 �0.140 1.31 6 0.04 4.4 6 0.1 2.75E-4 6 2E-6 0.909 6 0.001 9.2 6 0.1 41.2 6 0.4

0.4 M HClþ 0.6 M NaCl 0.191 1.92 6 0.05 0.146 6 0.003 5.74E-4 6 8E-6 0.930 6 0.003 27.5 6 0.5 64 6 1

pH 1, 1 M NaCl 0.229 3.78 6 0.06 0.235 6 0.004 3.99E-4 6 3E-6 0.940 6 0.002 23.3 6 0.2 47.1 6 0.4

pH 2, 1 M NaCl 0.230 3.75 6 0.06 2.51 6 0.06 1.65E-4 6 3E-6 0.933 6 0.001 8.0 6 0.2 21.0 6 0.5

pH 3, 1 M NaCl 0.036 2.98 6 0.06 2.28 6 0.07 3.90E-4 6 2E-6 0.904 6 0.001 15.5 6 0.1 65.5 6 0.6

pH 4, 1 M NaCl 0.025 3.13 6 0.03 2.85 6 0.04 3.64E-4 6 1E-6 0.917 6 0.001 15.0 6 0.1 62.4 6 0.2

pH 6, 1 M NaCl �0.136 4.21 6 0.03 2.15 6 0.03 2.43E-4 6 1E-6 0.925 6 0.001 10.6 6 0.1 30.7 6 0.2

pH 9, 1 M NaCl �0.137 2.48 6 0.02 0.80 6 0.01 2.50E-4 6 1E-6 0.918 6 0.001 11.8 6 0.1 36.6 6 0.2

pH 11, 0.1 M NaCl �0.197 36.3 6 0.4 2.7 6 0.1 2.33E-4 6 2E-6 0.908 6 0.001 10.6 6 0.1 32.9 6 0.5

pH 12, 0.1 M NaCl �0.286 29.6 6 0.2 2.77 6 0.08 2.16E-4 6 1E-6 0.934 6 0.001 12.3 6 0.1 27.6 6 0.2

pH 13, 0.1 M NaCl �0.322 15.8 6 0.1 2.13 6 0.04 2.12E-4 6 1E-6 0.939 6 0.001 12.1 6 0.1 26.0 6 0.2

Figure 11. (Color online) MS plot (forward and reverse scans) for a cylin-
drical specimen after 20 h of polarization at 0.1 VSCE in deaerated pH 6, 1 M
NaCl at 90�C. Impedance measured at 10 kHz.

Figure 12. (Color online) MS plot for cylindrical specimens after 20 h of
polarization at potentials in the passive range in deaerated pH 6, 1 M NaCl at
90�C. Impedance measured at 10 kHz.
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potential (Fig. 7). The film growth acted to balance the increasing
applied potential, and a near-constant electric field was maintained
in the film at steady state. The passive film thickness would be that
of the space charge layer only if the charge is uniformly distributed
across the film. This simple model also applied in open circuit con-
ditions, in a variety of chloride solutions (Figs. 9 and 10). The pas-
sive film developed was able to protect the alloy from the environ-
ment, even in concentrated and acidic chloride solutions (Table II).
The control of the corrosion kinetics was anodic at the open circuit
potential, in the studied conditions. The film resistance did not vary
significantly with chloride concentration, from 0.1 to 10 M Cl�, nor
with solution pH, from pH 2 to 13. Near the depassivation pH
(pHD¼ 0.3),18 the film resistance showed a decrease (Table II). This
was correlated with an increase of CB, indicating the presence of a
thinner film. In the most concentrated chloride solution, alloy 22
showed surprisingly the largest film resistance and almost the lowest
CB (thick film). Note that in this solution the cation was changed
(Ca2þ instead of Naþ).

The EIS measurements at a low passive potential (�0.4 VSCE)
indicated the presence of a second time constant (Fig. 4). However,
the fit of the equivalent circuit of Fig. 1c to the experimental data
was poor at frequencies below 1 Hz (Fig. 4 and Table I). This indi-
cated that the model does not fully represent the system response in
the low frequency domain. Adding a Warburg element to the circuit
may improve the goodness of fit, but its physical meaning will not
be clear since the temperature was too low for diffusion to be impor-
tant within the film. This might be a limitation of the equivalent cir-
cuit approach and a better interpretation should be sought, which
was out of the scope of the present work. The presence of a second
time constant was reported previously for alloy 22 and also for chro-
mium.16,17,21,31 Gray et al.16,17 attribute the low-frequency time con-
stant to the charge transfer at the metal/film and at the film/solution
interfaces, while the contribution of the passive film is associated to
the high-frequency time constant. Priyantha et al.21 applied an

equivalent circuit model consisting in three time constants to the
entire passive and transpassive ranges. They do not associate explic-
itly the processes occurring at the interfaces and in the film to the
different time constants or frequency ranges, and the variation of the
resistances and capacitances with the applied potential do not show
a definite trend. Nevertheless, they report the increase of the total re-
sistance with the applied potential in the passive range, as observed
in the present work.21 Moffat and Latanision31 used the RX-CPE cir-
cuit model (Fig 1a) for passive chromium in 1 M H2SO4, in the
high-frequency range. They associate the low-frequency time con-
stant with reactions of adsorbed protons. Bojinov et al.46 suggest the
solid state oxidation of Cr2þ to Cr3þ with a probable partial dehy-
dration, at low passive potentials. In the present work, where two
time constant appeared the main resistance to the ion transfer was
that of the low frequency one (Table I). The properties of the pas-
sive film are usually obtained by measurements in the high fre-
quency range.14–18,21 However, for the present experimental condi-
tions, the high frequency resistance was the lowest one, suggesting
that for low passive potentials the resistances to the ion transfer
would be located at the film interfaces and not within the film.

The potentials 0.3 and 0.4 VSCE were in the range of the trans-
passive dissolution of alloy 22 (Fig. 2). It was also assumed that the
resistances to the ion transfer were located at the film interfaces and
not within the film at these potentials. The barrier layer of the pas-
sive film of alloy 22 is rich on Cr3þ oxide and/or hydroxide.13 The
solid state oxidation of Cr3þ to Cr6þ proceeded in the film at suffi-
ciently high potentials, and the transpassive dissolution started when
the concentration of Cr6þ in the film reached a critical value.46

From the standpoint of the electronic properties of the film, the
change from n-type to p-type was observed near 0.0 VSCE (Fig. 12).
The transpassive reaction started at a potential where the Fermi level
of the metal became lower than the d-band edge of the film.31 The
cation vacancies are indicated to be the dominant defects of the film
in the transpassive state.21,22 They are generated at the film/solution
interface through the oxidative ejection of cations from the film.
The present results indicated a range of potentials in which the alloy
showed a p-type electronic behavior, but the ionic transport was
slow enough for the film to remain in the passive state. The thickness
of space charge layer reached its maximum value approximately at
0.0 VSCE, decreasing for higher potentials (Fig. 7). However, the val-
ues of dSC at potentials higher than 0.0 VSCE would not be valid if an
inversion layer is formed. The resistance to ion transfer started to
decrease from 0.1 to 0.4 VSCE, but its value was large below 0.3
VSCE (Fig. 7). The MS plots showed the change from n-type to
p-type character above 0.0 VSCE (Fig. 12), but the polarization curve
indicated a sudden current increase only above 0.3 VSCE (Fig. 2).
The generation of defects at the film/solution interface was favored
by the increase of the potential (driving force). According to the pro-
posed model, the main resistance to the transport of defects was
located in the passive film at 0.2 VSCE, but at the film/solution inter-
face at 0.3 and 0.4 VSCE. This resistance decreased or remained
constant as the potential increased, giving rise to the observed cur-
rent increment in Fig. 2.

The effective capacitance of a passive film displaying frequency
dispersion may be obtained from different expressions available in
the literature. The expressions proposed by Brug et al.44 (Eqs. 3 and
5) and by Hsu-Mansfeld49 (Eqs. 4 and 6) are commonly used. The
former expression is dominated by the ohmic resistance (RX) while
the latter is dominated by the film resistance (R). Hirschron et al.50

indicate that the expression of Brug et al. holds when the electrode
properties vary along the surface (2D) and that of Hsu-Mansfeld
holds when the electrode properties vary normal to the surface (3D).
According to these authors, the formula of Hsu-Mansfeld should be
used for obtaining the effective capacitance of chromium-rich pas-
sive films, since they are described as having a resistivity that
decays exponentially with position.46 As a consequence of this,
the capacitance of a passive film behaving as a blocking electrode
(Fig 1a) cannot be calculated since R!1. Harrington
and Devine25,42 compared the expressions of Brug et al. and

Table III. Parameters obtained from linear least squares fits of

the MS equation corresponding to tests in cylindrical specimens

of alloy 22 in pH 6, 1 M NaCl at 90�C.

EFF [VSCE] ND [cm�3] EFB [VSCE] Linear least squares R2

�0.2 3.20Eþ 20 �0.552 0.988

�0.1 1.97Eþ 20 �0.561 0.995

0.0 2.30Eþ 20 �0.556 0.992

0.1 2.96Eþ 20 �0.570 0.991

0.2 3.18Eþ 20 �0.514 0.989

Figure 13. (Color online) Capacitance as a function of the potential for the
EIS tests and some of the MS tests in cylindrical specimens of alloy 22 in pH
6, 1 M NaCl at 90�C.
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Hsu-Mansfeld for obtaining the flat band potentials and carrier den-
sities of passive nickel, titanium, chromium and alloy 22 via the MS
analyses. They indicate that the expression of Brug et al. is the most
suitable for obtaining the average capacitance. Rodrı́guez et al.18

report that the capacitances of passive alloy 22 in acidic chloride
solutions obtained from the expression of Hsu-Mansfeld were too
large to be associated with a chromium-rich passive film. The same
was observed in the present work (Fig. 6 and Table II). The formula
of Brug et al. led to capacitance values consistent with the presence
of a chromium-rich passive film. The expression of Hsu-Mansfeld
led to capacitance values higher than that of the Helmholtz layer.

The capacitance values were more dependent on the measure-
ment potential than on the passive film formation potential (Fig.
13). The interfacial capacitance increased below �0.3 VSCE, indi-
cating the accumulation of charges at the interface, independently of
the film formation potential. The same was observed for the trans-
passive film (EFF¼ 0.4 VSCE in Fig. 13). This accumulation of
charges may be due to the solid state reaction Cr3þþ e� $ Cr2þ.
Hydrogen adsorption may take place at lower potentials, leading to
surface charging.

The passive film of alloy 22 was found to be an n-type semicon-
ductor, which changed to p-type for high passive potentials. The
change in the semiconducting character was observed for potentials
below those associated with the transpassive dissolution, as dis-
cussed above. Average values of ND¼ 2.7� 1020 cm�3 and
EFB¼�0.551 VSCE were determined in the present work for passive
alloy 22 in pH 6, 1 M NaCl. EFB was in agreement with the potential
at which the cathodic current of the hydrogen reduction was
observed (Fig. 2), as reported elsewhere.25 Figure 14 shows the val-
ues of EFB and ND for alloy 22 from the literature21,23–25,30 and
from the present work, as a function of the solution pH. The
reviewed results include measurements in chloride, sulfate and
borate solutions at temperatures from 20 to 90�C. EFB showed the
expected Nernst dependence with pH. The obtained slope from lin-
ear least squares fit was �0.072 V/pH, which was in agreement with
the expected value for the broad temperature range studied. Below
pH 3, ND increased significantly for decreasing pH values. It may be
related with a more defective passive film. The influence of pH on
EFB and ND was more important that the effects of the temperature
and the anion species.

Summary and Conclusions

The impedance response of passive alloy 22 in chloride solutions
at 90�C was analyzed in terms of electrical analogs. EIS tests were
performed after long polarization in the passive range and at the
onset of the transpassive range, in pH 6 1 M NaCl. A single time
constant was observed in the full passive range. The system was

modeled by a RX-(R//CPE) equivalent circuit, where R was the film
resistance and the CPE dealt with the frequency dispersion of the
electrode properties. This simple model applied for a wide range of
chloride concentrations (from 0.1 to 10 M Cl�) and pH values (from
pH 2 to 13), at the open circuit potential. Two time constants were
observed at the low passive potential and in the transpassive range.
In these cases, the resistances for the ion transfer might be located at
the film interfaces and not in the film itself.

The protective properties of the film improved with the polariza-
tion time, which was attributed to the thickening and aging of the
film. These processes include chromium enrichment and dehydra-
tion of the passive film. The film resistance and the space charge
layer thickness increased with the applied potential. The oxidation
of Cr3þ to Cr6þ occurred in the film at high potentials, and the trans-
passive dissolution started when the Cr6þ reached a critical concen-
tration. There was a range of potentials in which the film showed a
p-type electronic behavior (suggesting the onset of tanspassivity),
but the ionic transport was slow enough for the film to remain pas-
sive under these conditions. This may be explained by considering
that the potential is the driving force of the transpassive dissolution.
As the potential increases the resistances decrease or remain
constant.

The passive film of alloy 22 was an n-type semiconductor, which
changed to a p-type for the high passive potentials. Average values
of ND¼ 2.7� 1020 cm�3 and EFB¼�0.551 VSCE were determined
for the n-type semiconductor in pH 6, 1 M NaCl. Comparison of the
capacitances obtained from EIS and MS tests indicated that they
were more dependent on the measurement potential than on the pas-
sive film formation potential.
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Appendix

The evaluation of the RX-CB circuit impedance at the characteristic frequency

fB ¼ 1
2�RXCB

leads to Eq. A-1

Z ¼ RX � jRX [A-1]

The RX-(R//CPE) circuit can be simplified to a RX-CPE circuit in the high-frequency

range, since R�RX. Evaluation of the RX-CPE circuit impedance at fB leads to Eq. A-2

Z ¼ RX þ
1

Q

CBRX

j

� �a

¼ RX þ
RXCð Þa

Q
� cos

��a
2

� �
þ j

RXCð Þa

Q
� sin

��a
2

� �
[A-2]

At fB, the imaginary part of the impedances of the RX-C and RX-CPE circuits are

approximately equal, for a! 1. It leads to Eq. A-3

CB ¼
�Q

sin ��a
2

� �
" #1=a

R
1�að Þ
a

X [A-3]

Since lim
a!1
� sin ��a

2

� �
¼ �1, Eq. A-3 becomes Eq. A-4, which is the expression proposed

by Brug et al.,44 considering R�RX

CB ¼ Q1=aR
1�að Þ
a

X [A-4]
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