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Electrooxidation of stainless steel AISI 304 in carbonate
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The electrochemical behaviour of stainless steel AISI 304 (SS304) has been investigated in deaerated
0.1-1 M NaHCO; solutions at pH 8 using a rotating disc electrode. The polarization curves are char-
acterized by a broad range of passivity at low potentials (—0.8 to 0.3 V), a depassivation region at 6.4 V
vs SCE and, at high potentials (0.5 to 0.85V), a passive region before oxygen evolution. In the low
potential range, the SS304 electrode behaves like a Cr-rich metallic phase, and the dissolution of
Fe?* ions into the solution is hindered by the formation of a Cr,0; layer. As the potential reaches
0.4V, the oxidation—dissolution of Cr(im) oxide/hydroxide to CrO3~ ions occurs, with the participa-
tion of bicarbonate/carbonate as a catalyst in the dissolution reaction. Since the chromium oxide/
hydroxide dissolution and subsequent surface enrichment of iron oxides occur, the applied potential,
exposure time and oxidation charge have a considerable effect on the passive film properties. At high
potentials, the presence of a passive film of iron oxides/hydroxides or oxyhydroxides plays a key role
in the SS304 passivity with the presence of Fe(vi) species incorporated or adsorbed into the passive
films. Colouration of the SS304 surface is observed in the second passive region. A film of a uniform
gold colour formed on SS304, mild steel 1024 and iron in carbonate and borate solutions at pH 8. The
colour of the electrode surfaces remain unchanged in air and in solutions at positive potential but it

disappears at open-circuit potential or is easily reduced in the first negative-going potential scan.

1. Introduction

The corrosion of iron is a multistep process and it is
almost impossible to establish the true steady state
of passive iron in neutral solutions [1-4]. The compo-
sition of passive films depends on the potential of the
iron, the pH of the solution and the identity of the
anions present. First, in slightly alkaline solutions
layers of Fe(OH), formed, which, after passivation,
are oxidized to mixed valence iron oxides, hydroxides
and oxyhydroxides. A small amount of anions may be
incorporated into the passive layer. Considering the
complete miscibility of these oxides, it would not be
justified to assume a boundary phase between Fe;O,
and ~-Fe,0O3, although there are significant differ-
ences between the inner and outer layers. The stoi-
chiometry and distribution of cationic and anionic
species in the crystallographic lattice of an oxide are
still controversial subjects, even in the widely studied
borate buffer solution. It has been suggested that the
constituents of passive films are either microcrystal-
line or amorphous.

The characterization of passive films on stainless
steel remains far from clarified. The thermodynamic
data are complex and the structural organization is
still difficult. The electronic structure of passive layers
on stainless steel has not been established. Some
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studies have been published on the electrochemical
behaviour of stainless steel in acidic solutions [5—12]
and in neutral aqueous media [12—-18]. Photochemical
and photoelectrochemical techniques [18—21] have
been used to obtain in situ information about the elec-
tronic properties of passive films. The different beha-
viour exhibited by various stainless steels is
attributed to the different structure and highly defec-
tive nature of passive films.

Recently, application of surface analytical tech-
niques such as XPS, Auger, SIMS and XANES have
provided information on the atomic composition of
passive films formed on steel. For example, they
have revealed that passive oxide films on iron-—
chromium alioys consist predominantly of chromium
oxide/oxyhydroxide with a thickness ~ 1-3nm and
at higher anodic potentials in transpassive region
some Cr®" ions can be incorporated. The presence
of cations of iron and other alloying elements and
incorporated anions in the films is also generally
accepted, although their structure and chemical com-
position remain unknown. The Ni** content in a pas-
sive film is low, and the metallic state of nickel
dominates [23]. A small loss of nickel seems to occur
with chromium dissolution in the second passive
region, although this amount is significantly less
than either Fe or Cr, and Ni becomes enriched at
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the surface [24]. The results of surface analysis indi-
cated very significant differences between the ex situ
and in situ films, suggesting that high vacuum condi-
tion for ex situ examination does lead to major struc-
tural changes.

Nonaggressive anions in the solution play an
important role in the passivation process. Although
carbon dioxide is commonly present in all water sys-
tems and in the oil and gas industry, the corrosion
resistance of stainless steel in carbonate solutions
has seldom been studied. The objective of this work,
therefore, was to investigate the electrochemical beha-
viour of passive films formed on stainless steel AISI
304 (SS304) in deaerated carbonate/bicarbonate
solutions at pH 8. The voltammetric characteristics
of surface films formed on SS304 and chromium
were studied with the aid of a rotating disc electrode,
paying a special attention to the composition and
properties of passive films formed on SS304 at poten-
tials above 0.4V,

2. Experimental details

The study was made using austenitic stainless steel
AISI 304 (SS304) with the following chemical compo-
sition (wt %): C 0.009, Mn 1.67, P 0.034, S 0.020, Si
0.51, Cu 0.35, Ni 8.2, Cr 19.4, V 0.07, Mo 0.30, Co
0.14, Sn 0.018, Al 0.006, Ti 0.006, Nb 0.033 and
balance Fe. To compare the results, some measure-
ments with the main components of SS304 were also
performed. Specimens of iron (Johnson Matthey),
nickel (Johnson Matthey) and chromium (99.99%,
Omega) were machined in the shape of a cylinder
and one of the tops of the cylinder was set in a Kel-
F holder which constituted the working rotating disc
electrode. The exposed surface area was 0.13 cm?.
The electrodes were mechanically polished with an
alumina suspension to a mirror-like finish and rinsed
with distilled water. The electrode surface was exam-
ined before and after the experiments using a Bausch
& Lomb optical microscope (70 x). At the beginning
of each experiment, the electrode was immersed in
the solution with the potentiostat set at —0.9V and
cathodically polarized to remove some of the surface
oxides. A base rotation speed of 1000r.p.m. was used.
The auxiliary electrode was a platinum grid, which
was separated from the main compartment by a
Nafion® membrane. A saturated calomel electrode
(SCE) connected to the cell by a bridge with a Luggin
capillary served as the reference electrode. All poten-
tials quoted in the paper refer to this electrode. The
potential was corrected for the iR drop which was
measured by the a.c. impedance method.

The solutions were prepared from analytical grade
materials (BDH) and deionized water. The pH value
was 8, by adding NaOH as necessary. A borate buffer
of pH 8.4 was prepared from 7.07g H;BO; +8.17¢
Na,B;0,.10 H,O per litre. The cell capacity was
~600 ml, which ensured that the build-up of dissolved
ions in the bulk of the solution would be negligible
during the course of a given experiment. All solutions

were deaerated before each experiment using high-
purity nitrogen and were purged continuously during
the measurements. All experiments were performed at
room temperature.

The measurements were made using a Princeton
Applied Research (PAR) model 273 A galvanostat—
potentiostat controlled by a PC using M270 PAR
electrochemical software. The electrode was rotated
using a Pine Instrument or PAR electrode rotator.

3. Results and discussion
3.1. Preliminary experiments

Figures 1 and 2 show the potentiodynamic i/E curves
and the corrosion potentials against time dependence
for SS304, iron, chromium and nickel rotating-disc
electrodes in 1 M NaHCOj5 solutions at pH 8. The elec-
trode rotated at 1000r.p.m. and the scan rate was
20mV's™!. For all four metals, the passive film formed
on the electrodes was not completely reduced, regard-
less of the cathodic potential applied. The anodic
activity of the electrodes at negative potentials, which
is attributed to hydrogen adsorption, increased as the
reduction potential became more negative or the
reduction time increased, as illustrated in Fig. 3 for
the SS304 electrode in 0.1 M NaHCO; solution rotated
at 1000r.p.m. and dE/dt = 0.005Vs™. After each
experiment, the electrode surface was examined
through an optical microscope and no visible change
was observed. As long as the rotating electrode was
used, no traces of localized corrosion were detected
but when the stationary electrode was used crevice
corrosion was observed.

Measurements of the potential under open circuit
conditions E., (Fig. 2) give information about a cor-
rosion system not disturbed by any external voltage or
current source, so that no additional corrosion effects
are induced. The diagrams show the different beha-
viour of the metals. In the 1 M NaHCO; deacrated
solution at pH 8, the potentials of —0.84V for iron
and —0.60V for nickel electrodes remained essentially
unchanged over time. According to thermodynamic
data [25-27], the first iron oxidation level corresponds
mainly to the fast reaction of iron(11) hydroxide/oxide
formation. The SS304 and Cr electrodes, are similar in
behaviour: the potential increased continuously with
the exposure time, albeit at a faster rate for chromium.
For example, after 9000s, E_,, was —0.55V for Cr
and —0.60V for SS304, but no stable value was
reached. The E.,,, values depend on the pretreatment
of the electrode surface but the trend is unaltered. The
increase in E,,, for the SS304 and Cr electrodes is
attributed to the slow kinetics with which the oxide
films reach equilibrium; it is known that Cr’™ com-
plexes react very slowly, so that a film of Cr-hydroxide
can be maintained [22, 23]. The comparatively thinner
oxide layers formed on the chromium surface [29]
could explain the faster rate of Cr ennoblement. The
similarity of the characteristics of S§304 and Cr elec-
trodes (different from Fe and Ni electrodes) suggests
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Fig. 1. Cyclic voltammograms for SS304 (&), iron (b), chromium (c) and nickel (d) electrodes, rotated at 1000r.p.m., dE/dt = 0.02V s!,in

1M NaHCO; solution at pH 8.

that a chromium oxide/hydroxide film forms on the
SS304 surface.

3.2. Chromium

Thermodynamic predictions [26-28] in the form of
potential-pH diagrams of a Cr-H,O system show
chromium to be a very base metal, whose domain of
stability is considerably lower than that of water. In
the presence of neutral and slightly alkaline solutions,
chromium tends to become covered with an oxide or a
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Fig. 2. Open circuit corrosion potential against time for SS304, iron,
chromium and nickel electrodes, rotated at 1000r.p.m., in 1M
NaHCOj solution at pH 8.

hydroxide and can only dissolve as chromate ions
CrO3~ at high positive potentials. A number of studies
employing electrochemical and surface analytical
techniques [30-36] have suggested that the passive
film on chromium about 0.3—-2.0 nm thick, is a triva-
lent oxide/hydroxide containing some water. Results
from in situ modulation spectroscopy [29] suggest
that a mixed valent Cr(mr)/Cr(vi) oxide is present in
the transpassive region. No evidence has been found
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Fig. 3. Effect of negative potential scan limit on the anodic activity
of the 83304 electrode rotated at 1000r.p.m., dE/dt = 0.005Vs™!,
in 0.1 M NaHCO; solution at pH 8. The cathodic potential scan limit
was —1.5, —1.2and —1.0V.
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for the existence of multivalent states of chromium in
the passive film.

In Fig. 1(c), the chromium electrode, rotated at
10001.p.m. at a scan rate of 0.02Vs™! in 1 M NaHCO,
solution appears to be in a passive state in the poten-
tial range from —1 to +0.4V. At the latter potential,
the anodic current increases with the applied potential
without further passivation; the oxidation of Cr(im) to
Cr(vi) forms a readily soluble oxide and CrO2%™ ions,
and the oxygen evolution may proceed simulta-
neously. In a subsequent negative-going potential
scan the cathodic current peak appears at about
+0.1V and slowly increased with the oxidation time
at potentials greater than 0.4 V. Considering thermo-
dynamic data [26-28] for a slightly alkaline solution
at potentials greater than 0.3 V, a sufficient overpoten-

. tial exists to cause dissolution of the chromium. A
number of experiments were carried out with the
rotating Cr electrode for various oxidation times in
1 M NaHCOj solution and the formation of an anodic
film was estimated from reduction charges. Figure 4
presents the results for electrode oxidation at 0.45V
for 600s, and at 0.4V for 20h and 72h, and subse-
quent cycling of the potential first in a negative then
in a positive direction at a scan rate of 0.05Vs™', At
the end of oxidation the solution was yellowish due
to dissolved chromate. After 20 h, the anodic current
i,=15pAcm™? and charges O = 700mCcm™>
and Q.4 = 1mCcm™ were measured. The surface
film grew slowly during the first 20h but from 20h
to 72h oxidation time, the reduction wave at 0.1V
increased and a new large current maximum
dominated at —0.45V (Fig. 4). Some electrode passi-
vation was evidenced by a decrease in the anodic
current, i,, to 3.3pAcm™? and an increase in the
reduction charge t0 Qg =7.2mCem ™2 for
Oox = 900mCcm 2.

Under such circumstances, the colour of the chro-
mium electrode surface changed to bright gold. The

layer did not adhere well (easy to remove just by rin-
sing with water) but once the electrode was removed
from the solution and dried, the appearance of the
surface remained unchanged in air. In the solution,
the oxidation product was easily reduced at a cathodic
current peak located at —0.45V and the gold colour
disappeared after the first cathodic potential scan.
The reduction charge was equivalent to less than 1%
of the charge associated with the electrode oxidation.
The reduction process of the surface film could be the
transformation of Cr®* to Cr*, Cr** to Cr** or Cr%*
to Cr*". The shape of the reduction current peak at
—0.45V and the nature of the surface products com-
bined with the lack of adhesion of the products sug-
gest that the surface film is formed by a dissolution—
precipitation mechanism. A small amount of Cr(vi)
species may be incorporated into the surface film
and reduced at 0.1V cathodic wave.

3.3. AIST 304 stainless steel

3.3.1. Passivity at potentials below 0.4 V. Figure 1(a)
shows a region of over one volt in which the
electrode is passive, then, at 0.4V, the anodic
current increases without any visible corrosion,
reaches a maximum and a second passive region
appears before oxygen evolution. The passivity in
both potential regions was found to be independent of
the carbonate concentration, indicating that
passivation is due to the formation of oxides,
hydroxides or oxyhydroxides films. The typical
activation current maximum that appears at negative
potentials during the active/passive transition on iron
(Fig. 1(b)) is not present on SS304 (Fig. 1(a)) or
chromium (Fig. 1(c)). At low potentials, the
polarization curve of SS304 is very similar to that
corresponding to Cr (Fig. 1(c)), suggesting that the
passive film is composed of Cr(ur) oxide/hydroxide
occupying mainly the inner layer, with iron (1)
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oxides, hydroxides and oxyhydroxides in the
outer layers [15, 16, 44-46]. The carbonate and
hydroxycarbonate mixed salt would also exist.

3.3.2. Passivity at potentials above +0.4V. The
voltammograms in Fig. 1(a) and 1(c) show that the
electrochemical behaviour of the SS304 electrode in
its second passive potential range differs from that
of the Cr electrode. At the SS304 depassivation
potential, 0.4V, the anodic current increases and a
maximum is observed. This current peak is found to
be independent of the electrode rotation speed,
which ranges from 200 to 2000r.p.m., suggesting
that the reaction rate is limited by a solid-state
electrooxidation process on the surface. The rate of
the anodic current increase was a linear function of
the NaHCO; concentration between 0.05 and 1M
(Fig. 5). The potential of the anodic current peak at
0.6V remained constant, and it is deduced that the
composition of the outer film is independent of the
solution concentration. The voltammograms in a
borate solution (Fig. 6) show similarly shaped
polarization curves, however the anodic activity of
SS304 electrode is found to be lower than in
carbonate/bicarbonate solution at the same pH.
These considerations suggest the participation of the
HCO;3/ CO%’ ions as catalyst in the dissolution reac-
tion, slightly affecting the passivation process. The pas-
sive film seems to contain mixed valence iron carbonate
compounds, a species which may not even exist in
macroscopic quantities. Structurally, the mixed
valence carbonate is closely related to iron oxyhydr-
oxide [3]. The Pourbaix diagram for Fe-CO,-H,O sys-
tem [25] indicates that, in this potential region, FeCQO;
would be a solid phase (K, = 3 x 10! [37]) and that
passivation could occur by the transformation of
FeCO; to various Fe(in) oxides or oxyhydroxides in
the passive films. The results suggest that the second
passivation is due to an iron oxide/hydroxide/
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Fig. 5. Effect of NaHCO; solution concentration on anodic current
maximum in positive potential region. SS304 electrode rotated at
1000 r.p.m., dE/dt = 0.005Vs~!, pHS.

oxyhydroxide film (Fe(OH), K, =4.9x107";
Fe(OH); K, = 107 [37]). The chemical and electro-
chemical reactions are important and may be equiva-
lent to the effect of a potential increase.

The occurrence of a critical potential at +0.4V in
the properties of passive films on stainless steels con-
taining chromium in neutral solutions has been
reported in the literature [12, 13, 21, 24, 38-43].
Photoelectrochemical studies in a Na,SO, solution
[6, 7, 21] have revealed that passive film properties
change with potential and that at +0.4V strong
changes occur not only in the magnitude of the photo-
current but also in the shape of its transient and capa-
citance values. Angular-dependent XPS examinations
[44] of the films grown in alkaline solutions indicate an
accumulation of Cr, probably composed of the Cr(tr)
oxide/hydroxide, in the inner part. Since Fe,Oj is iso-
structural with Cr,03, Fe(ir) in the outer layer may
easily be substituted by Cr(tm1) in the lattice and subse-
quently Cr(ir) oxidizes to Cr(vi). The presence of
Cr(v1) in the passive film on Fe—Cr alloys [24, 38—
41, 44-46] and on AlCr alloys [41, 47] at high positive
potentials was demonstrated using the XANES [24,
39-41, 47] and XPS [44-46] techniques. In passive
films on SS304, Cr(vi) was found to be formed and
enriched in the solid state under the Fe-rich layer
[44, 45]. In the case of the Al-Cr alloy [47], the step-
ping of the potential over a critical value resulted in
Cr being incorporated into the Al oxide matrix in
such a way that it was stable and could further oxidize
to Cr(vi) without dissolving. According to the semi-
conductor [21], the oxidation of Cr(iu) to Cr(vi) is
expected to take place in the outer part of the film.
The CrO3~ species were not found in the extreme
outer part of the film [46] but appeared to populate
the Cr(OH); region below the outermost surface. It
is assumed that CrO3~ ions are lost by selective disso-
lution. Ageing has a beneficial effect on the stability of
the passive layer and on the resistance to pitting [48],
the latter being directly related to changes in the
chemical composition of passive films.
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Fig. 7. Effect of oxidation time on passive
film formation on the SS304 electrode
characterized using the galvanostatic tech-
nique. The anodic potential step was
applied from —0.8 to 0.7V and after 20,
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In the present investigation, a series of experiments
was performed to study the effect of the oxidation
potential, charge and time on passive film formation
at potentials above +0.4V. The anodic film was
formed on the rotating disc electrode by applying a
potential step from —0.8V to a high positive poten-
tial, and the nature and amount of the oxidation spe-
cies were deduced from the reduction current waves
using potentiodynamic and galvanostatic techniques.
Figs 7 and 8 show the effect of the oxidation time
on the passive film formation for an applied potential
of 0.7V on the SS304 electrode in 1M NaHCO;
solution. In Fig. 7, the surface films were character-
ized using the galvanostatic reduction technique; the
experiments were performed at 8 yAcm™> and the
results presented correspond to oxidation times of
20, 64 and 72h. The high reduction current or the
long time needed for performing the galvanostatic
measurements had a detrimental effect on their sensi-

64 and 72h oxidation, the measurements
were performed at 8 uAcem™2. The elec-
trode rotated at 1000rpm in 1M
NaHCO; solution at pH 8.

tivity; the voltammetric technique was more sensitive.
The potentiodynamic traces of Fig. 8 were recorded
after 600s, 20, 72 and 170 h of oxidation and a subse-
quent negative-going potential scan 0.05Vs™!. The
amount of anodic products, evaluated from the charge
of the cathodic current waves, increased with the oxi-
dation time. Simultaneously with the increase in the
cathodic current peak I at about 0V, the current
peak II at —0.6V also increases, indicating that the
product reduced at current peak I is at a higher oxida-
tion state. It is supposed that the Fe(vi) species appears
at positive potential (close to oxygen evolution). The
potential of current peak II remained unchanged but
that of current peak I shifted in a positive direction,
indicating that the anodic product changed with the
oxidation time; as the amount of product was
accumulated, the corrosion product was easily
reduced.

To compare the behaviour of passive films formed

Current / mA cm2

Fig. 8. Effect of oxidation time on passive
film formation on the SS304 electrode.
The anodic potential step was applied
from —0.8 to 0.7 V, and the amount of pro-
ducts, after 600s, 20, 72 and 170 h oxida-
tion time, was evaluated by subsequent
cycling of the potential in a negative direc-

T T T
-0.8 -0.4 0.0

Potential / V vs SCE

tion at a scan rate of 0.05Vs™". The elec-
trode was rotated at 1000r.p.m. in Im
NaHCO; solution at pH 8.
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Fig. 9. Effect of 20 h oxidation time on pas-
sive film formation on the SS304 electrode

in 1M NaHCO; solution and the Fe elec-

trode in 0.5 M NaHCOj; solution. An anodic
potential step from —0.8 to 0.7V was
applied, and the amount of products was
determined by subsequent cycling of poten-
tial, first in a negative then in a positive
direction with a scan rate of 0.05Vs™!

Potential / V vs SCE

on SS304 and Fe electrodes, measurements were
performed after a constant oxidation time and a com-
parable oxidation charge. It should be noted that spe-
cial care was taken to avoid contamination by
chromium. The voltammograms after 20h oxidation
of SS304 in 1M NaHCO; and Fe in 0.5m NaHCO;
solutions are presented in Fig. 9 and for an oxidation
charge of 40mCcm 2 for both electrodes in 1M
NaHCO; solution in Fig. 10. When an anodic potential
step from —0.8 to +0.7 V was applied to the SS304 and
Fe electrodes, the anodic current transient dropped to a
stable low value of less than 1xA cm™, within few
minutes. However, the oxidation current remained
much higher for the Cr electrode (ie., 15puA cm 2
after 20h of oxidation). The shape of the cathodic
sides of the voltammetric curves was similar for the
SS304 and Fe electrodes. The largest increase in the

T Two cycles are shown. The electrodes
0.8 were rotated at 1000r.p.m. in solutions at
pH 8. An enlargement of the cathodic side

is shown in the insert.

cathodic charge was observed for the surface product
reduced at 0.1V. This cathodic wave corresponds to
the reduction of compounds formed at a high positive
potential, located in the second passivity region. The
film thickens for longer oxidation times, for example,
for the SS304 electrode, the reduction charge increased
from 0.3mCcm™2 for 600s to 45mCcm 2 for 72h,
although for the Fe electrode the charge increases fas-
ter than for the SS304 electrode. Under the experimen-
tal conditions of Fig. 10, the 40mCcm™2 oxidation
charge required an oxidation time of 72h for SS304
compared to 20h for iron, and a comparable reduc-
tion charge-related to the current peak at 0.1V was
obtained for both electrodes. Reduction current peak
IT at —0.6 V, which increases as the cathodic current
peak I becomes larger, is attributed to the reduction
of Fe() products. It should be noted that a

Current / mA cm2

Fig. 10. Effect of an oxidation charge of

40mCem~2 on passive film formation on

-2 T T T

the SS304 and Fe electrodes. The anodic
step potential from —0.8 to 0.7V was
applied, and the amount of product was
determined by subsequent cycling of poten-
tial, first in a negative and then in a positive
direction, at a scan rate of 0.05Vs~!. The

0.0

Potential / V vs SCE

‘ results for the Cr electrode oxidized to
0.8 900mC cm™? (721) are also shown for com-
parison. The electrodes were rotated at
1000 r.p.m. in 1 M NaHCO; solution at pH 8.
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900 mC cm ™2 oxidation charge was measured for the
Cr electrode in 1 M NaHCOj5 solution after 72 h oxida-
tion time and the cathodic characteristics were very
different, as pointed out above.

The surface of SS304, mild steel 1024 and iron
rotating electrodes, anodically polarized at potentials
greater than 0.5V for an oxidation charge greater
than 20mCcm 2 changed colour to a brilliant gold.
The similar appearance of a gold colour was noticed
in the bicarbonate as well as in the borate solutions.
(Special care was taken to avoid any contamination
by chromium). The film adhered well and, after rin-
sing and drying, the electrode surface film remained
unaffected in contact with air. The gold colour was
stable in the solution only under the anodic potentials
above 0.5V but it disappeared at open-circuit poten-
tial and was easily reduced at about 0.1V in the first
negative-going potential scan.

The overall results indicate that the characteristics
of SS304 surface films are a strong function of the
applied potential. The electrochemical and -chemical
reactions occur simultancously, and the oxidation
time and charge are very significant parameters. Since,
at high positive potentials, Fe(mn) oxides/hydroxides
are substantially less soluble than Cr,0;/Cr(OH);,
the iron compounds should be an integral part of
the passive film. Fe(i) may further oxidize to Fe(vi)
and, by analogy with Cr(vi), a small amount of this
species may be incorporated or adsorbed into the pas-
sive film. The ferrate ion is relatively stable in basic
solution, but in neutral and acidic solution it decom-
poses. It is an extremely potent oxidizing agent, even
stronger than permanganate, and it can oxidize Cr(i)
to chromate. Potassium ferrate has been shown to be
isomorphous with potassium chromate. According to
kinetic data [49] the free ferrate in solution is highly
stabilized in concentrated NaOH solutions and
decomposes more slowly (by a factor of 10%) than
the surface Fe(vi) complex. A transpassive anodic
current peak, preceding the oxygen evolution, has
been detected on mild steel in aqueous bicarbonate/
carbonate solutions at pH 10—-13 [50, 51]. An increase
in the peak current with increasing temperature was
also indicative that a chemical reaction was involved.
The formation of Fe(vi) species was proposed and it
was found that HCO; ions stabilize the superficial
ferrate. The free ferrate would decompose faster in
bicarbonate/carbonate than in NaOH solutions due
to the pH requirements.

In the present investigation, part of the passive films
is most likely formed by the dissolution and precipita-
tion of ferric oxides/hydroxides or oxyhydroxides,
although for extended oxidation time active dissolu-
tion is inhibited and oxidation via a direct growing
passive film becomes important. The surface film is
saturated with iron and oxygen. Under such condi-
tions, and since the composition of passive films is
potential dependent and the surface species may be
stable only under high positive potential or when dehy-
drated, the film of Fe(mr) compounds with incorpo-
rated or adsorbed Fe(vi) species must be responsible

for passivation of the SS304 electrode surface at poten-
tials above 0.5V.

4. Conclusion

Two types of passive films of different chemical com-
position on the surface of the SS304 electrode are pro-
posed. In the low potential range, the clectrode
behaves like a Cr-rich metallic phase. The dissolution
of Fe*' jons into the solution is hindered by the for-
mation of a chromium oxide/oxyhydroxide layer.
The low anodic current in the passive regions is inde-
pendent of the bicarbonate solution concentration.

The passive film is partially dissolved at 0.4V by the
oxidation-dissolution reaction of Cr(m) to CrOj ,
which depends on the carbonate solution concentra-
tion. At potentials above 0.4V, the dissolution of
chromium and subsequent surface enrichment of
iron suggest that Fe(ir) oxide/oxyhydroxide films,
with Fe(vi) species incorporated or adsorbed in the
films, are responsible for SS304 passivation. Since
the electrochemical and chemical reactions occur
simultaneously, the increase in the overall thickness
of the film is time dependent.

Colouration of stainless steel, mild steel and iron
was observed in carbonate/bicarbonate and borate
solutions. The identity of the coloured passive film is
a strong function of applied high positive potential,
anodic charge and time. The components of the
passive film are referred as a mixed-valence and
mixed-iron species and their stoichiometry is not
stable. The uniform gold colour of the surface film
remains unchanged in air and in the solution under
potentials above 0.5V but disappears at open-circuit
potential and is easy to remove in the negative-going
potential scan.
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