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The effects of applied d.c. potential and polarization time on the passivation of stainless steel 304
(SS304) were investigated in deaerated 1 m NaHCOj; aqueous solutions at pH 8. Electrochemical impe-
dance spectroscopy was used in conjunction with a rotating disc electrode. The data were analysed by
considering an equivalent circuit. The changes in impedance parameters at applied d.c. potential signal
changes in the properties of passive films on SS304 and allow to distinguish the parameters at low
potential (—0.6 to 0.3V vs SCE) from a different one at high potential (0.5 to 0.8 V vs SCE). The oxi-
dation reactions were controlled by both charge transfer and mass transfer processes. Diffusional
resistance was high for both passive films and was considered to represent the resistance to movement
of ions or vacancies through the surface layer of oxide films. It is deduced that the passive film present
in the low potential region is partially dissolved at 0.4 V vs SCE and that a new passive film is formed in
the higher potential region. The equivalent circuit used to obtain the best fit and the fitting parameters
was dependent on the electrode potential and the polarization time. The reproducibility of the impe-
dance spectra at constant potentials demonstrate that the passive film formation is highly irreversible
process. No traces of localized corrosion were detected but, for a high potential and long polarization

time, the electrode surface coloration to a uniform gold colour confirms the film thickening.

1. Introduction

Stainless steel passivity is of practical importance for
corrosion resistance, since the presence of passive
films reduces the corrosion rate. The effect of passive
films formed in near-neutral solutions on the electro-
oxidation process of stainless steel is a complex phe-
nomenon because the structure and composition of
the film formed may depend on a large number of
variables, for example, the pretreatment and composi-
tion of the metal surface, the electrode potential, the
polarization time, the environment chemistry, tem-
perature, etc.

Recently, it was shown [1] that the properties of the
passive film formed on a stainless steel 304 (SS304)
electrode in NaHCO; solutions depend on the applied
potential. The low potential passive film (< 0.4V) is
linked to a heterogeneous Cr-rich composition, while
at higher potentials (> 0.4 V) it was deduced that a ~-
Fe,0j rich film is responsible for SS304 surface passi-
vation. The complex film structure with intermediate
non-stoichiometric oxides have been postulated.

Electrochemical impedance spectroscopy (EIS) has
achieved considerable importance as an i situ techni-
que for studying the electronic properties of anodi-
cally formed passive films [2—15, 44-46]. However,
usually more than one equivalent circuit can approx-
imate the experimental data and great care must
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therefore be exercised when trying to use equivalent
circuit to explain surface oxidation reactions.

Metal surfaces are usually heterogeneous. This het-
erogeneity may arise from surface roughness or inter-
facial phenomena [19] and causes anomalous
frequency dispersion of interfacial properties (such
as capacitance or impedance). In such cases, to fit
the data to an equivalent circuit model containing, a
constant phase element (CPE) should be used. Its
impedance, Zcpg, is described [16] as

Zepg = 1/T(jw)* (1)

where w is the angular frequency in rads™ and T a
capacitance parameter. When used instead of the dou-
ble layer capacitance, Zpp causes a rotation of the
centre of the capacitive semicircle below the real axis
by a frequency independent constant phase angle
¢ = (1 — a)r/2. The value of angle ¢ can vary between
0° for a perfect capacitor (o = 1) and 90° for a perfect
resistor (o = 0). A value of ¢ between 10° and 20°
would represent a somewhat leaky capacitor and is
generally attributed to the presence of heterogeneities
both laterally and within the depth of the passive
film. Although Zsprp has been used extensively to
model rough surfaces [17-20], and oxide films forma-
tion [45, 46], it has not been universally embraced by
corrosion scientists. Jiittner [21] discussed the usefulness
of Zcpr for corrosion processes on inhomogeneous
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surfaces, while Bardwell and McKubre [3] used it to
obtain a better fit for experimental data on anodic
film on zirconium in a neutral solution.

The present investigation shows that EIS is a suita-
ble technique for characterization of passive films
formed on 304 stainless steel in a carbonate solution
at pH8. Special attention is given to the effects of
applied potential and polarization time. This work
represents the continuation of earlier d.c. measure-
ments for the same system [1].

2. Experimental details

The study was made using austenitic stainless steel 304
(SS304) with the following chemical composition (% in
weight): C0.009, Mn 1.67, P0.034, S0.020, Si0.51,
Cu0.35, Ni8.2, Cr194, V0.07, M00.30, Co00.14,
Sn0.018, A10.006, Ti0.006, Nb0.033. The stainless
steel was machined in the shape of a cylinder and one
end of the cylinder was set in a Kel-F holder to form
the working rotating disc electrode. The exposed sur-
face area was 1cm?®. The electrode was mechanically
polished with an alumina suspension to mirror finish
and rinsed with distilled water. The electrode surface
was examined by a Bausch & Lomb optical microscope
(70x) before and after the experiments. At the begin-
ning of each experiment, the electrode was immersed
in the solution with the potentiostat setting at —0.9V
and cathodically polarized for 60 s to remove some of
the surface oxides. A rotation speed of 1000 rpm was
used. The auxiliary electrode was a platinum grid sepa-
rated from the main compartment by a Nafion® mem-
brane. A saturated calomel electrode (SCE) connected
to the cell by a bridge with a Luggin capillary served as
the reference electrode. All potentials quoted in the
paper are referred to this electrode.

The solution used was 1 M NaHCO; prepared from
analytical grade materials (BDH) and deionized
water. The pH value was 8, adjusted by adding
NaOH. The cell capacity was ~ 600 ml, which ensured
that the buildup of dissolved ions in the bulk of the
solution during the course of an experiment was neg-
ligible. All solutions were deaerated with high-purity
nitrogen before each experiment and purged continu-
ously during the measurements. The experiments were
carried out at room temperature.

The impedance measurements were performed in
potentiostatic mode using a PAR 273A galvanostat—
potentionstat, a PAR 5210 lock-in amplifier for the
measurements from 20 kHz to 5Hz, and a fast Fourier
transform (FFT) technique for frequencies of 10 Hz to
I mHz. Fifteen frequencies per decade were scanned
using a sinusoidal potential amplitude of 10mV peak-
to-peak. The real (Z') and imaginary (Z") components
obtained experimentally were analysed using a modified
complex nonlinear least-squares (CNLS) program [22]
from which the parameters were determined.

3. Results and discussion

The electrochemical behaviour of SS304 in the 1M
NaHCO; solution is illustrated by the voltammogram

in Fig. 1 (second and third cycles). The voltammo-
grams became identical after a first cycle. A wide pas-
sive region at low anodic potentials (—0.8 t0 0.3 V) is
followed by electrode activation at ~ 0.4V and a sec-
ond passive region at high positive potentials (0.7 to
0.85V) before oxygen evolution. The anodic electrode
activity increased as the electrode was scanned to
more negative potentials but the passive film was
not completely reduced, regardless of the cathodic
potential supplied. A detailed analysis of these vol-
tammograms has been given elsewhere [1].

As shown below, the impedance characteristics
observed for anodic films on an SS304 electrode in a
1M NaHCO; solution were found to depend on
applied oxidation potential and polarization time.

3.1. Effect of d.c. potential

For hydrogen or oxygen evolution, the impedance
spectrum exhibits a rotated semicircle (Fig. 2), indicat-
ing that both reactions are under a charge-transfer
control. A general model for the red—ox reaction
with one adsorbed species [42] and mass/charge trans-
fer limitations [43] is shown in Fig. 3. The model con-
sists of the solution resistance, R, which is in series
with the constant phase element, Zspy, in parallel
with the charge transfer resistance, R., which in
turn is in series with a parallel connection of the pseu-
docapacitance C, and resistance R,. Moreover, the
impedance of the mass or vacancies transfer through
the oxide film, Z,,, has also been included. This is gen-
eral model, which contains too many parameters and
the use of the total model cannot be statistically justi-
fied. However, in each particular case the statistical
analysis was performed and a maximal number of
parameters was determined.

The CPE in Fig. 3 may be connected with the inter-
face metal/oxide and/or with the dielectric oxide capa-
citance; nonhomogeneity of the film could create the
distribution of time constants. The values of para-
meter T in the passivation range are of the order of
20-40 uFcm 25 which are in the range of the
double layer capacitances and lower than usual oxide
layer capacitances. However, the presence of this ele-
ment is observed in the total potential range from
hydrogen to oxygen evolution.

At the potentials of HER and OER, the films con-
duct well (Z, =0) and pseudocapacitance is not
observed. In this case, the faradaic impedance is
reduced to a simple charge transfer resistance. For
hydrogen evolution, R = 33 Qcm? at E=—12V
and, for oxygen evolution, R; = 3.8 x 10°Qem? at
E =0.85V, which is associated with the difference in
the hydrogen and oxygen reaction kinetics. In these
potential regions, both reactions are controlled by
the charge transfer process only, without diffusional
effects.

To investigate the dependence of the electrode
impedance on the d.c. potential, the freshly polished
electrode was initially polarized at —0.9V for 60s,
and the potential was stepped up to —0.6V. After
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Fig. 1. Cyclic voltammogram for stainless steel 304 electrode (4 = 0.126 cm?) rotated at 1000 rpm, dE/di = 0.02Vs ™!, in I M NaHCOs solu-

tion at pH 8 and at room temperature.

2h of exposure, a steady-state current of a few
pAcm™ was reached and the impedance was mea-
sured. Following the first set of impedance measure-
ments, the potential was progressively raised in
100mV steps to 0.8V and the measurements were
repeated after 2 h of polarization at a given potential.
The surface film changed after the circuit was opened
and the measurements were consequently performed
at the constant anodic potentials. Figure 4 shows
Nyquist diagrams corresponding to the impedance
of the passive film at potentials ranging from —0.6
to 0.8 V; the points represent the measured data and
solid lines are derived from simulations using the
parameters summarized in Table 1. This representa-
tion was chosen to clearly show the effect of potential
but the reliability of the equivalent circuit was also
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checked by Bode plots and the deconvolution method,
in which the Warburg impedance contribution was
subtracted from the total impedance spectra. The
Bode plots were used because they are more sensitive
to the presence of time constants.

The following features are noticed from the Nyquist
plots in Fig. 4: (i) for a given frequency, the imaginary
part | Z”| is larger in the low potential region (—0.6 to
0.3V) than in the high potential region (0.5 to 0.8 V);
(ii) high R, values were observed for both potential
ranges; (iii) the contribution of the Warburg diffusion
impedance Z, is large at low frequencies in both
potential regions; (iv) a near-semicircular plot is
observed at 0.4V; the lowest values of |Z”| and Z’
are observed at this latter potential for any frequency
value; (v) one time constant can be recognized for all
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Fig. 2. Nyquist plots for the impedance data of the hydrogen evolution reaction at (a) —1.2 V and oxygen evolution reaction at (b) 0.85Vona
stainless steel 304 electrode (4 = 1cm?) rotated at 1000 rpm, in 1 M NaHCO; solution at pH 8. Points correspond to the data and solid lines

display the fitting using the equivalent circuit of Fig. 3.
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Fig. 3. Equivalent circuit used in analysing the impedance data of
stainless steel 304 electrode.

potentials but two time constants were measured at
0.4V and 0.5V.

The log |Z| against log f plots show an almost lin-
ear relation in medium frequency range with a slope
about —0.9 and reveal that the high and low frequency

250

extremes have slightly different slopes. The phase
angle has values close to —90° in medium frequency
range, but does not reach this value which corre-
sponds to ideal capacitive behaviour [10-12]. The
resistance at the high frequency limit corresponds to
the ohmic resistance of the electrolyte, R,, which
always is about 1 Qem?.

The impedance spectra in Fig, 4 (except for 0.4V
and 0.5V) can be represented by a modified Randles
equivalent circuit (Fig. 3), in which the faradaic impe-
dance consists of the Warburg impedance, Z,,, and
charge transfer impedance, R,. At these potentials,
no fast changes of the surface coverage occur during
the measurements and the pseudocapacitance may
be neglected. The observed time-stability and repro-
ducibility of the impedance spectra at constant poten-
tials demonstrate that the passive film formation is
irreversible process. The resistance corresponding to
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Fig. 4. Nyqu1st plots for the 1mpedance data of anodic films formed after 2h at increasing potentials on stainless steel 304 electrode
(A4 = 1cm?) rotated at 1000 Tpm, in 1M NaHCO;, solution at pH 8. The oxidation potentials as marked on diagrams. Points correspond
to the data and solid lines display the fitting using the equivalent circuit of Fig. 3. Potentials, E: (a) —0.6, (b) —0.3, (c) 0, (d) 0.2, (e) 0.4,

(0 0.5, (g) 0.6, (h) 0.65 and (i) 0.75 V.
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Table 1. Parameters for oxidation of SS304 electrode in 1 M NaHCOjy solution at increasing oxidation potentials

CPE
Potential  paramater T Rpo 2/D R, R, C, Ca Slope
Vvs SCE pFem™s CPE parameter, o« [kSiem® /s kQem?  /kQem®  juFem™  juFem™  diog |Z| vs diog w
-1.2 50.9 0.969 - - - 0.017 31
—0.6 56.3 0.913 569 177 124 —0.895
-0.4 48.7 0.924 695 135 180 —0.920
-0.3 394 0.936 472 74 180 —0.923
—-0.2 30.9 0.946 378 32 317 —-0.936
—0.1 24.7 0.957 595 13 11 —-0.949
0 20.2 0.972 1183 18 4.7 —0.960
0.1 20 0.969 2433 81 5.2 —0.953
0.2 23.6 0.965 126 102 1.7 —-0.954
0.3 20 0.879 238 51 0.96 —0.852
0.4 29 0.998 3.8 7.4 37.1 498 —0.741
0.5 31 0.997 8.2 3.8 80.8 228 —0.813
0.6 53.2 0.925 256 76 20.3 —0.908
0.65 45.6 0.929 422 165 44.5 -0.915
0.7 43.6 0.921 576 425 56.6 -0.917
0.75 46.9 0.922 244 116 75.6 -0.906
0.8 62.7 0.908 164 127 95.8 ~-0.886
0.85 108 0.896 —0.876

38 41

low frequencies was very high, in agreement with the
low corrosion rate. Since the impedance spectra
obtained using the SS304 rotating disc electrode
were independent of rotation speed, any diffusional
resistance should lie within the oxide film of the elec-
trode. This resistance is linked to the movement of
ions/vacancies (possibly oxygen) through the surface
layer, i.e. the diffusion of species through a finite
region of length / corresponding to the thickness of
the passive film. The finite Warburg impedance, Z,,
may be expressed [18] by the equation:

Z, = Rpo(js)~" tanh (j5)*° (2)

where s = /*(w/D), D being the diffusion coefficient of
diffusing species in a passive film and w = 2xf. The
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diffusion resistance, Rpg, is the limit of Z (w) for
w — 0 and may represent the resistance of mass transfer
ions, defects or atomic oxygen through the surface film.

The impedance spectra are dominated by the War-
burg impedance and the measurements have to be
extended to low frequencies, since the significant
experimental points are between 100 Hz and 1 mHz.
The importance of Z, in the total impedance is evi-
denced by subtracting the Warburg impedance from
the impedance spectrum that led to the semicircle, as
shown by the diagrams in Fig. 5 for the complex plane
plots at —0.3V and 0.75V. The deconvolution
method by eliminating the Warburg contribution Z,,
from the measured data was also a good means of ver-
ifying the fitting parameters.
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Fig. 5. Nyqulst plots for the impedance data of anodic film formed after 2h at applied d.c. potentials on stainless steel 304 elec-
trode (A=1cm?) before (0) and after deconvolution (V) by subtraction of the Warburg impedance contribution. The electrode rotated
at 1000 rpm, in 1 M NaHCO; solution at pH 8. Points show the measured data and solid lines display the fitting using the equivalent circuit

of Fig. 3. Potentials, E: (a) —0.3 and (b) 0.75 V.
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The finite length diffusing element used here should 6 ; .
give only real impedance at infinitely low frequencies.
However, experimentally it was not possible to go to
so low frequencies (our limit was 0.001 Hz). Because
only initial part of the skewed semicircle was observed
experimentally, the parameters Rpq and /*/D could
not be determined precisely. In fact, the values given
in Table 1 and 2 lead to too small thickness. However,
the presence of this element is statistically justified.

The charge transfer resistance, R, increases with
the applied potential and reaches its highest values
between —0.4V and ~0.2V (Fig. 6); it is connected 2 : : :
with the film passivity. The decrease of R, in the 084 oo 4 08
potential range from 0 to 0.3V indicates a beginning Potential / V
of film dissolution. The low R value in the hydrogen  Fig. 6. Values of log R; as a function of anodic potential.
evolution range clearly shows that the surface film is

-

Log R,/Q cm’

Table 2. Fitting parameters for SS304 electrode in 1 M NaHCOj5 solution at different potentials and oxidation times

Potential Time  CPE parameter T CPE Rpo 2/D Ry R, Gy Slope
/[VvsSCE /h juFem 257 parameter o /kQem? /s /kQ cm? k€ em? JjuFem™  log |Z| vs log w
~0.5 2 82.5 0.909 175 31 222 —0.909
20 85 0.890 530 53 568 —0.901
-0.3 2 432 0.952 221 5.9 18 —0.944
20 36.8 0.970 778 17.8 79 —0.956
-0.2 2 29.6 0.980 238 7.46 12 —0.943
20 27.5 0.979 722 16.1 73 —0.951
—0.1 2 24.5 0.980 269 12 21 —0.958
20 24.8 0.971 1159 14.6 474 —0.960
44 22.1 0.974 4580 68 1250 —0.963
0 2 17.6 0.990 150 3.2 130 —0.950
20 19.7 0.975 2710 33.7 215 —0.960
92 39.0 0.971 9000 147 370 —0.957
0.1 2 19.3 0.973 464 24 1.1 —0.952
20 229 0.949 1080 34 32 —0.927
" 44 254 0.941 2108 161 2.7 —0.926
0.2 2 23.8 0.947 1423 111 1.2 —0.940
20 28.0 0.933 1340 192 129 —0.923
44 326 0.922 1610 367 171 —-0.915
0.3 2 28.1 0.942 353 225 1.25 —0.873
20 18 0.996 8.0 11.2 404 140 —0.836; —0.886
44 24 0.998 10 138 280 256 —0.837; 0.856
120 32 0.992 0.7 51 76 351 —0.815; 0.885
0.4 2 18 0.998 3.8 7.3 37 498 —0.881
20 33.2° 0.998 3.64 2.6 23 286 —0.827; -0.782
0.5 2 22 0.998 54 1.0 53 49 —0.813
20 38 0.998 3.0 34 59 183 —0.820; —0.871
68 38 0.997 4.3 0.8 57 58 —0.893
92 36.5 0.997 4.16 0.8 85 51 —0.902
0.6 2 32.5 0.941 287 13 2.18 —0.918
20 14.5 0.998 2.04 0.14 698 131 —0.865; —0.915
40 13.7 0.997 2.45 0.12 605 180 —0.886; —0.907
64 12.6 0.998 2.68 0.15 492 230 —0.865; —0.895
0.7 2 26 0.925 1430 163 157 —0.912
20 30.6 0.887 968 67 68.2 —0.873
44 26 0.926 1588 254 2.25 —-0.877
116 24.4 0.941 1240 153 3’61 —0.888
1200 26 0.930 1670 209 3.22 —0.883
140 25.3 0.941 1580 196 3.61 —0.884
0.8 2 38.5 0.919 185 12 123 —0.907
20 52 0.933 170 9.6 77.6 ~0.892
40 33.5 0.998 1.45 29 120 228 —0.715;-0.88

116 36.6 0.997 3.59 5.9 162 286 —0.761; -0.869
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thin and well conducting. Disappearance of R., and
appearance of parameters R, and C, between 0.4V
and 0.5V is in agreement with the observation of
active dissolution. Such elements (pseudocapacitance)
[44] appear when the surface coverage is changing
with potential. The values of parameter T are rela-
tively constant at 20 to 50 uF cm™> except at very posi-
tive potential. Besides, the parameter « is also
between 0.9 and 1 which indicates that deviation
from purely capacitive behaviour is relatively small.
Its use, however, improves the approximation signifi-
cantly what is confirmed by the sequential F-test.
The minimum values of Z, and the slope d log
|Z|/d log f (Fig.7) observed at 0.4V are consistent
with the thinning of the film ascribed to its partial dis-
solution. The Bode phase angle plots at 0.4V (Fig. 8)
and 0.5V are characterized by the minimum in med-
ium frequency part, which indicates the presence of
a second element with a different time constant. The
resistance R, in parallel connection with the capaci-
tance C, may describe the faradaic reaction, the oxi-
dation of Cr(m) or Cr(vi), and its further
dissolution. Electrode depassivation at 0.4V was
manifested by an increase in d.c. current on the vol-
tammogram (Fig. 1) with no traces of localized corro-
sion. An abrupt change in the properties of passive
films on stainless steel in neutral solutions at 0.4V is
reported in the literature [1, 23-36]. Since Fe,0;
is isostructural with CryO5;, Fe(ur) may easily be
substituted by Cr(11) and subsequently Cr(1m1) oxidizes
to Cr(vi). From thermodynamic considerations [37—
40], at 0.4V a sufficient overpotential exists for chro-
mium oxidation and dissolution, and the ratio of
FeyO5 to CryO5 in the passive film should be larger
as the applied potential and/or oxidation time
increase. The critical potential marks the boundary
between two types of passive films: at low potential,
a Cr-rich passive film protects the surface while above
0.4V Cr(in) oxidizes to Cr(vi), which dissolves into the
solution and/or is retained in the stable mixed oxide
films. The presence of Cr(vi) in the oxides of the pas-

N

Slope dlog |Z} ! dlog f

_0.7 L ] L
-0.8 -0.4 0.0 0.4 0.8

Potential / V vs SCE
Fig. 7. Value of slope d log | Z|/d log / as a function of anodic poten-

tial. Slope values were calculated from the Bode magnitude plots of
the impedance measured data against log frequency.

Phase angle / deg

Fig. 8. Bode phase angle plot for impedance of anodic process at
0.4V on S8304 electrode rotated at 1000 rpm in 1 M NaHCOj; solu-
tion at pH 8. Points correspond to the data and solid line display the
fitting using the equivalent circuit in Fig. 3.

sive film on Fe—Cr alloys [27-33] and AlCr alloys [34,
41] at high positive potentials was demonstrated using
X-ray adsorption near edge spectroscopy (XANES)
[27-29, 34, 41] and XPS [31-33] techniques.

The impedance spectra of a high potential passive
film (0.6 V to 0.8 V) show the variation of parameters
Z., Ry and the slope d log|Z| /d log f with the increas-
ing potential, changes which support the idea of a new
passive film being formed. Comparison of the para-
meters R, slope dlog|Z|/dlogf and Z, calculated
for impedance data in the low and high potential
regions, using the same equivalent circuit suggests
that a thicker and better conducting film is formed
at higher potentials (> 0.5V).

3.2. Effect of oxidation time

Measurements were carried out to investigate the
changes in the passive film during polarization. A
freshly polished electrode was first polarized at
—0.9V for 60s, then kept at a given anodic potential.
Impedance data were acquired first after 2 h of polar-
ization and then the effect of longer polarization times
was studied. The SS304 electrode was rotated at
1000 rpm and the 1M NaHCOj; solution was purged
continuously with nitrogen gas. The parameters calcu-
lated from the analysis of the impedance spectra are
summarized in Table 2. The effect of the exposure
time on the parameters evidences a different beha-
viour of the passive film in the low and high potential
regions.

The electrochemical characteristics of a passive film
in the low potential region with one time constant are
best described by the equivalent circuit with faradaic
impedance consisting of Ry and Z,. Both Z_ para-
meters and the charge transfer resistance R, steadily
increase with the oxidation time, which suggests an
improvement in the film passivity, while the oxidation
rate, which is inversely proportional to R, decreases
with exposure time.

Two relaxation time constants were observed
after several hours exposure at potentials ranging
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from 0.3V to 0.6V and the impedance spectra were
analysed using the equivalent circuit with Z, in series
with C,, in parallel connection with R;. After an oxi-
dation time longer than 20h, a second time constant
appears at low frequencies probably due to the oxida-
tion—dissolution reaction, for example, Cr(m) to
CrO%~ [37-40]. The values of parameters Z,, and R,
decrease with the polarization time. The simultaneous
decrease of the resistances with the exposure time may
be explained by the increase in the ionic conductivity
through the passive film, indicating imperfect protec-
tive properties. The dependence of the resistances on
the electrode potential and the oxidation time also
indicates changes in the film composition with poten-
tial and exposure time. Morphological observations
from electron microscopy do not show the precipita-
tion of solid material but surface coloration to a uni-
form gold colour of the passive film could be seen with
the naked eye. The coloration of passive film is asso-
ciated with the optical phenomenon of multiple, thin
layer beam interference [47]. The gold colour
remained unchanged in air and in the solution under
positive potential but disappeared at the open-circuit
potential. The surface coloration confirms the film
thickening at potentials above 0.6V and the oxide
reduction at potentials below 0.1 V.

4. Conclusions

The effects of oxidation potentials in the range from
—0.6 to 0.85V and an increasing exposure time on
passive films formed on the surface of SS304 electrode
were investigated by the impedance technique. Since
the behaviour of the oxide film changes after the open-
ing of the circuit, the measurements were performed at
constant oxidation potentials.

The oxidation of an SS304 rotating electrode is con-
trolled by both the charge transfer and the mass/
vacancies transfer processes. The presence of the War-
burg impedance is essential at each oxidation poten-
tial and the mass/vacancies transfer process is
restricted by the infinite length of the surface film.
The importance of the diffusion in the formation of
a passive film is illustrated by subtracting the War-
burg contribution from the measured impedance data.

The changes of impedance data indicate that the pas-
sive film formed in the low potential region is partially
dissolved at 0.4V and that, at higher potentials, a new
passive film forms. Significant differences between the
properties of low and high potential films are evidenced.
Colouration of the SS304 electrode surface with the oxi-
dation at high potentials proves the multiple thin layer
formation and thickening of passive film. No traces of
localized corrosion were detected.
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