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Abstract

Passive films formed anodically on carbon steel, chromium steel and high speed steel (HSS) in 0.5 M NaHCO; and in 0.5 M
NaHCO3+0.01 M KCI have been characterised by electrochemical impedance spectroscopy (EIS). Carbon steel presents a wide
passive anodic region (0.0-0.9 V vs. saturated calomel electrode (SCE)), while those of chromium steel and HSS, either as-received
or heat-treated, are narrower because of transpassive anodic dissolution of Cr above ~ 0.4 V. This is clearly seen through changes in
the impedance spectra. An equivalent circuit is proposed to fit the experimental data, leading to determination of oxide film
capacitance and film resistance. The semiconductor properties of the passive films were investigated by Mott—Schottky plots. All
steel samples behave like n-type semiconductors, showing that the passive film properties are dominated by iron. However, same
differences are found concerning the concentration of donors, i.e. oxygen vacancies, and thickness of the space charge region, which
are correlated with the different pitting corrosion resistances of the passivated steels. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Electrochemical impedance spectroscopy (EIS) has
been widely used to study and characterise passive films
anodically formed on pure metals or alloys [1,2], whose
electrical properties are expected to be of crucial
importance in the understanding of their protective
character against corrosion. Since dissolution, film
formation and breakdown involve the movement of
electrons and ions, electronic properties represent one of
the most significant features of a passive film with
respect to its corrosion resistance [3] and which may
play an important role in the film breakdown mechan-
ism. The close dependence between breakdown of a
passive film and its defective nature has been directly
connected with its ionic and electronic conductivity
characteristics [4].

Studies on the electrochemical behaviour of carbon
steel, chromium steel and high speed steel (HSS) in
bicarbonate solutions [5,6] have shown that these steels
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present some different passivation properties. For
instance, polarisation curves showed that the steel
composition exerts some influence on the onset of
passive film formation, chromium and HSSs presenting
a higher ability to passivate than carbon steel. The
passive current density values, obtained either by
potentiodynamic measurements or by chronoampero-
metry, were higher for HSS than for carbon and
chromium steels. The stability of the passive films was
investigated after adding 10 mM chloride to the
bicarbonate solution. The passive film formed on
carbon steel suffered metastable pitting, while those
formed on the other, higher-alloyed, steels were stable.
This suggests that there are differences in the electronic
properties of the passive films.

Based on this, the purpose of this work was to
investigate the influence of the steel composition on
the electrical properties, and thence corrosion, of anodic
passive films, particularly by electrochemical impe-
dance. This especially concerned the presence and
content of alloying elements such as Cr, Mo and W.
The steel passivating medium was a bicarbonate solu-
tion of concentration 0.5 M, in which FeCO3; may form
a protective film according to the reactions [7]:
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Fe + 2H,0 — Fe(OH), + 2H " + 2¢~ (1)
Fe + HCO; — FeCO,+H* +2¢~ )

The second reaction, Eq. (2), is dependent on pH and
HCO;3; and is favoured by high HCO;3 concentration.
According to Cheng et al. [8], 0.5 M HCO;3 is
sufficiently concentrated to make the saturation and
stabilisation of FeCO; easier. Passivation of the steel
occurs when the potential becomes sufficiently positive,
ascribed to the formation of a y-Fe,O3/Fe;04 film [9].

2. Experimental

Three different types of steels were studied, whose
chemical compositions are (in wt.%): AISI 1015 carbon
steel (C, 0.17; Mn, < 1.0; Si, <0.4), Calmax chromium
steel (Mo, 0.5; Cr, 4.5; V, 0.2; C, 0.6; Mn, 0.8; Si, <0.4)
and AISI M2 HSS (W, 6.4; Mo, 5.0; Cr, 4.2; V, 1.9; C,
0.9; Mn, <0.4; Si, <0.4), the balance being Fe. Carbon
steel was used as received. Chromium steel and HSS
were used as received and also after heat treatment,
which consisted of the following steps:

a) austenitising at 950 °C (chromium steel) or at
1150 °C (HSS) for 10 min in an argon atmosphere;

b) quenching in oil down to room temperature;

¢) single tempering of 2 h at 450 °C (chromium steel)
and triple tempering of 2 h each at 550 °C (HSS).

Electrodes were prepared by attaching a copper wire
to the rear face with silver epoxy and covering with
epoxy resin, including the edges of the samples. The
exposed faces were polished with silicon carbide papers
of 600 and 1000 grit sizes and were then rinsed with
water and ethanol.

Non-deaerated solutions of 0.5 M NaHCO; (pH 8.6)
without and with 0.01 M potassium chloride (pH 8.5)
were prepared using analytical grade reagent and
Millipore Milli-Q water.

A three-electrode one-compartment cell, containing a
Pt foil auxiliary electrode and a saturated calomel
electrode (SCE) as reference was employed. Polarisation
curves were registered with a EG&G PAR 273A
Potentiostat controlled by M352 Software. Impedance
experiments were carried out using a Solartron 1250
Frequency Response Analyser with a model 1286
Electrochemical Interface, using a 5 mV rms perturba-
tion from 10 kHz down to 25 mHz. Experiments were
controlled with ZPLOT software and fitting was per-
formed with ZSIM CNLS software. Spectra were
recorded over the entire passive anodic region of each
steel sample, in 100 mV steps. Before each experiment,
the chosen potential was applied during 10 min in order
to obtain a constant value of current, which was of the
order of microamps.

3. Results and discussion

3.1. Potential range of anodic passive films

The potential range where carbon steel, chromium
steel and HSS are able to form a passive oxide film in 0.5
M NaHCO; and 0.5 M NaHCO;+0.01 M KCl is shown
in Fig. 1. These regions were 0.0—0.9 V for carbon steel,
—0.2 to 0.4 V for chromium steel and —0.1 to 0.3 V
versus SCE for HSS. A detailed study of these polarisa-
tion curves has been carried out [5]. In particular, the
passive currents gave some insight into the nature of the
passive films.

The appearance of one peak in the polarisation curves
of Fig. 1 for chromium steel and two or three peaks for
HSS is probably related to electrochemical reactions in
the solid state involving the transition to higher oxida-
tion states of Cr in both chromium steel and HSS and
also of Mo and W in the case of HSS. This deduction is
supported by work on type 304 stainless steel, which
contains Cr, in borate buffer solution (pH 8.45): a
current peak around 0.5 V versus SCE was observed and
was attributed to the oxidation of Cr(Ill) to Cr(IV)
within the film and the formation of soluble CrO3~
according to:

Cre, +4H,0 - CrO;~ + Vi, +8H ™ + 3¢~ 3)

in which Cr¢, represents a Cr(IIl) cation in the passive
film and V¢, a cation vacancy that is generated [3,10].

The potential corresponding to these current peaks
and the transitions they represent can be expected to
have an influence on the impedance spectra.

3.2. Impedance measurements

The impedance spectra of carbon steel, chromium
steel and HSS were obtained, in 100 mV steps, in
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Fig. 1. Polarisation curves for the steels after passivation in 0.5 M
NaHCOj solution. Scan in positive direction at 2 mV s~ L.
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Fig. 2. Impedance spectra at potentials within the anodic passive region of carbon steel in 0.5 M NaHCOj; solution: plots in complex plane (a;, by),
and corresponding Bode phase angle (a,, b,) and Bode impedance magnitude (a3, bs) plots.

bicarbonate solutions over the entire passive anodic
region of each steel sample, as well as in the transpassive
anodic regions of chromium steel and HSS. These are
illustrated in Figs. 2—4.

Fitting of the spectra was done by an equivalent
electrical circuit. Several models of circuits to fit our
experimental data were attempted. The best results (best
agreement between experiment and fitting for all three
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Fig. 3. Impedance spectra at potentials within the anodic passive (E < 0.4 V) and transpassive (E > 0.5 V) regions of chromium steel (450 °C) in 0.5
M NaHCO; solution: plots in complex plane (a;, b;), and corresponding Bode phase angle (a,, b,) and Bode impedance magnitude (a3, bs) plots.

steels and at all values of potential) were obtained with
the equivalent circuit presented in Fig. 5(a), a frequency
range from 0.04 to 4000 Hz being used for fitting. This
same equivalent circuit or a simplified combination has
been used for passivated iron [1], stainless steel [2],
aluminium [11] and tin [12]. Another suggested circuit
for semiconductor thin films comprises R and C in
parallel combination, representing the semiconductor
passive oxide film, with a third parallel branch, com-

posed of RC in series, representing the contribution of
surface states [13]; it was not possible to fit the data
using this circuit.

The equivalent circuit, Fig. 5(a), comprises the cell
resistance, Ro- CPE; representing the capacity of the
passive oxide film, including the semiconductor space
charge layer, Csc (see later), in parallel with the
resistance, R;, representing the charge transfer at the
two interfaces, metal | film and film | solution. This
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Fig. 4. Impedance spectra at potentials within the anodic passive (E <0.3 V) and transpassive (£ > 0.4 V) regions of as-received HSS in 0.5 M
NaHCOs; solution: plots in complex plane (a;, b;), and corresponding Bode phase angle (a,, by) and Bode impedance magnitude (a3, bs) plots.

combination is in series with a CPE,/R, parallel
combination representing the contribution of the move-
ment of vacancies and charged species through the oxide
film at lower frequency. The full circuit was used to fit
the data for carbon steel over the entire passive zone and
for chromium steel up to +0.4 V. For chromium steel
above +0.4 V applied potential and HSS over the entire
potential range, the R,CPE, element was omitted. An
example is shown in Fig. 5(b).

Carbon steel over the whole range and as-received
chromium steel had similar impedance behaviour at
potentials up to 0.3 V. Tables 1 and 2(a) show numerical
values for the various circuit parameters, with a value of
n close to unity. Values of R; are of the order of 100 kQ
cm” and represent the passive film resistance, which
reaches its highest value in the middle of the range, as
would be expected. Values of CPE; also reach a
maximum at these potentials. Large values of CPE,



2086 V.A. Alves, C.M.A. Brett | Electrochimica Acta 47 (2002) 2081—-2091

()
[~ | [~ |
Rq [CPE,] CPE

R4 R
(b)
90
80} “ﬂ‘ﬂ'ﬂ‘ﬁ’ i é“.‘g-ﬁ“
o
§ 70 “U ﬁh
4 -1 L]
S et g Y
£ ]
2 50t \
g -+
S sk \
2 ‘w
ki Y
£ sof -
' a
20
2 1 0 1 2 3 4
log (f/ Hz)
5
o
%
4t B
"
o o
£ B
G 3fF n
S n
2 %
N,L %,
> ‘qu
= n
1F llﬂuu
2 1 0 1 2 3 4

log (f/ Hz)

Fig. 5. (a) Equivalent circuit used to adjust the experimental im-
pedance data of carbon steel (entire potential range) and chromium
steels (E <0.4V). For chromium steels (£ >0.5 V) and HSS (entire
potential range) the R,CPE, parallel combination was omitted. (b)
Example of spectrum fitting for chromium steel heat-treated at 450 °C
at E=0.0 V vs. SCE, W, experimental points; A, and dotted line are
result of fitting to the circuit in (a).

were needed to adjust the circuit but the values of R, are
low, around 10 kQ cm?.

HSS as-received, Table 3(a), has a different impe-
dance behaviour from that of carbon steel over the
whole passive region. Above 0.3 V, spectra from as-
received chromium steel alter their shape and become
similar to those of HSS for the same applied potentials.
Film resistances are lower and capacitances also. The
observed semicircles can be adjusted by the R;CPE,
parallel combination. At more positive potentials > 0.4
V versus SCE, the impedance decreases drastically for
chromium steel, see Fig. 3(b1-b3), more gradually for
HSS, see Fig. 4(b1-b3), and a time constant at the
lowest frequencies appears. This change in the impe-
dance behaviour coincides with the potentials at which
peaks in the polarisation curves are observed, Fig. 1,
ascribed to chromium transpassivation. Plots of film
resistance versus potential are shown in Fig. 6 and show
clearly the progressive decrease for HSS and the abrupt
drop for chromium steel.

At potentials near the peak potential it would be
necessary to use a negative capacitance, for example, to
model the low frequency behaviour. Whilst the actual
significance of this inductance is not clear, it is
consistent with the oxidation current being impeded by
an inductive current flowing in the opposite direction at
the electrode | electrolyte interface [14]. This may be
associated with the existence of the passive film on the
steel surface. At more positive potentials, the time
constant at low frequencies can be expressed by a
positive value, explained by the passive film now
imposing mass transfer limitations, instead of inductive
effects.

Qualitatively, heat-treated chromium steel (450 °C)
and HSS (550 °C) show similar impedance behaviour to
those of the respective as-received steels. However, the
R; values are higher, compare in Tables 2 and 3 and in
Fig. 6, particularly for chromium steel (Fig. 6(a)),
suggesting that heat treatment alters the properties of
the passive film formed. In fact, heat treatment leads to
a higher fraction of alloying elements in solid solution in
the iron matrix instead of forming carbides [15]. As a
consequence, the structure and thence the electrical
properties of the passive film, which grows at the

Table 1

Equivalent circuit fitting for carbon steel passivated in 0.5 M NaHCOj solution, pH 8.6

E (V vs. SCE) CPE, (@' s" cm ™2 x 10%) n R; (kQ cm?) CPE, (Q ™' s" cm ™2 x 10%) s R, (kQ cm?)
0.0 65.2 0.96 126 91 0.87 109
0.1 44.7 090 136 162 092 39
0.2 68.1 0.87 107 104 092 119
0.3 111 0.87 181 227 0.75 14.6
0.4 98.1 0.80 292 515 095 0.2
0.5 85.4 0.80 280 319 0.89 1.0
0.6 59.3 0.83 226 128 090 2.7
0.7 47.2 0.85 172 97 090 34
0.8 58.3 0.85 92 171 0.90 1.8
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Table 2

Equivalent circuit fitting for chromium steel, passivated in 0.5 M NaHCOj; solution, pH 8.6

E (V vs. SCE) CPE, (Q~'s" cm ™2 x 10°% m Ry (kQ cm?) CPE, (Q~'s" ecm ™2 x 10% s R> (kQ cm?)

(a) As-received

—0.2 183 085 82.6 487 0.79 3.1

—0.1 217 090 853 208 0.80 9.8
0.0 195 090 88.3 172 0.80 9.9
0.1 195 090  80.6 150 0.80 10.6
0.2 186 090 68.5 147 0.80 9.5
0.3 198 090 653 143 0.80 9.0
0.4 171 085 3438 170 0.80 5.1
0.5 78 0.84 7.1 — — —
0.6 103 0.80  20.0 — — —
0.7 97 0.80 16.7 — — —
0.8 112 0.80 10.8 — — —
0.9 209 0.80 6.8 — — —

(b) After heat treatment at 450 °C

—0.2 70.4 0.92 500 246 0.90 5.9

—0.1 60.1 090 277 209 095 11.1
0.0 49.2 094 168 147 0.90 8.1
0.1 50.1 093 207 104 092 134
0.2 38.8 093 162 122 0.92 44
0.3 45.9 092 161 110 092 10.6
0.4 44.0 092 81.7 114 0.90 44
0.5 27.2 0.98 11.1 — — —
0.6 33.2 088 215 — — —
0.7 28.3 0.95 14.2 — — —
0.8 36.5 0.93 10.9 — — —
0.9 90.2 0.90 94 — — —

Table 3
Equivalent circuit fitting for HSS passivated in 0.5 M NaHCO;
solution, pH 8.6

E (Vvs.SCE) CPE (Q 's"em 2x10% ny Ry (kQcm?)

(a) As-received

—0.1 67.4 086 874
0.0 47.8 0.89 655
0.1 39.8 0.86 49.8
0.2 32.6 092 26.1
0.3 26.6 0.96 8.8
0.4 26.8 0.94 2.9
0.5 28.4 0.92 1.6
0.6 26.9 0.93 1.6
0.7 33.2 0.91 2.8
0.8 50.9 0.88 4.0
0.9 151 0.87 34

(b) After heat treatment at 550 °C

—0.1 46.2 0.88 105
0.0 35.5 091 772
0.1 32.1 091 559
0.2 27.9 092 520
0.3 25.3 094 319
0.4 24.3 094 19.8
0.5 24.0 093 135
0.6 24.1 0.93 9.0
0.7 23.5 095 11.0
0.8 30.2 092 114
0.9 71.9 0.92 8.7

surface, are also altered. This effect of heat treatment
was not evidenced through passive current values (from
polarisation plots and potentiostatic measurements) or
from open circuit potential measurements [5]. These
results suggest that impedance measurements are more
sensitive to the properties of the different passive films
formed.

Addition of 10 mM KCI to the passivating 0.5 M
NaHCO; solution does not cause any significant
difference in the impedance spectra. For carbon steel
these measurements were not made in the presence of 10
mM chloride, because the passivity region becomes very
narrow; the anion effect can be clearly seen in the
polarisation curves [5,16].

3.3. Semiconductor properties of the passive films
( Mott—Schottky plots)

In order to gain insight into the semiconductor
properties of the passive films formed both in 0.5 M
NaHCO; and in 0.5 M NaHCO;+0.01 M KCI, the
capacitance values, C, were calculated from the imagin-
ary part of the impedance at f=1.63 kHz, a commonly-
used frequency for this type of analysis [14,17,18]. At
such high frequencies, these capacitance values, which
can be linked to CPE| mentioned above, are assumed to
reflect mainly the capacitance of the semiconductor
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space-charge layer, Csc, since the contribution of the

double layer capacitance is assumed to be negligible [19].
The Mott—Schottky relationship (1/C3c vs. E) for an

n-type semiconductor is expressed by Eq. (4) [20,21]:

12 <E_Efb_kT> @

2 T e
Cic  egeNy e

where ¢ is the dielectric constant of the passive film (e
was assumed to be 10, which is the dielectric constant
for y-Fe,03), ¢ is the permittivity of free space (8.854 x
107" F cm '), ¢ is the electron charge (1.602189 x
10~ C), Np is the donor density, Ep, is the flat band
potential, k is the Boltzmann constant (1.38066 x 10~
JK " and T is the absolute temperature (298 K). Np is
determined from the slope of the experimental 1/C3c
versus E plots, and Epy, by extrapolation to 1/Céc = 0.

The Mott—Schottky plots of the various steels, Fig. 7,
present predominantly donor-type semiconductivity, as
the slopes are always positive.

The plot for carbon steel presents a rather narrow
linear region (0.4—0.7 V vs. SCE). The region of non-
linearity can be attributed to a change in donor type

and/or donor density with potential [22]. Sikora et al.
[23] and Goossens et al. [24] attributed the non-linearity
to the fact that the thickness of a passive film increases
linearly with the applied potential (as does the donor
density). According to Cheng and Luo [25], two possible
dopants in this case are interstitial iron and oxygen
vacancies. However, it is impossible for interstitial iron
to be the dopant because the iron atoms are so large that
there are few of them in interstitial positions due to the
energy barrier. Thus, the dopants in the passive film on
carbon steel should be mainly oxygen vacancies. This
excludes a change in donor type as being the reason for
the non-linearity observed for carbon steel.

Chromium steel and HSS, as-received and heat-
treated, in the presence or absence of chloride, also
show n-type semiconductivity, and there is a linear
region in the Mott—Schottky plot over almost the whole
potential range, see Fig. 7. This implies that the film
thickness does not change with the applied potential,
and that values of Np are constant. From these plots,
Np and Ejg, were calculated using Eq. (4), as was the
thickness of the space-charge layer, dsc, by the follow-
ing equation for an n-type semiconductor:

2 kT\1'?
dsc = {860 (EEfb)] (5
eNp e

These values are shown in Fig. 8.

It is clear from Fig. 8(a) that the donor density is
lower for passive films grown on HSS than on chro-
mium steel, while the space-charge layer, Fig. 8(b), is
thicker. In the absence of chloride ion, heat treatment
leads to lower donor densities and an increase in passive
film thickness and a better linearity in the Mott—
Schottky plots. This is in agreement with an increase
of charge transfer resistance of the heat-treated steels, as
discussed before (see Fig. 6), and with their higher
pitting corrosion resistance.

No significant differences can be seen in the Ep, values
in Fig. 8(c) between the two steels although heat
treatment leads to more positive values. These values
thus show clear indications of the influence of heat
treatment on passive film characteristics.

Correlations can be made between these plots. It is
known that the thicker the space-charge layer, the
thicker the passive film and consequently less susceptible
is the film to breakdown. At the same time, the smaller
Np, the lower are the chances of film breakdown and
pitting initiation, since defects are potential sites where
these processes are supposed to occur. So, it can be
concluded that the passive film formed on HSS has a
more stable structure, and thence a higher protection
against corrosion, compared with that of the passive
film formed on chromium steel. This reflects the effect of
alloying on the passivating properties of the steels in
bicarbonate solution.
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Fig. 7. Mott—Schottky plots for the steels. Solid symbols, 0.5 M NaHCO3; open symbols, 0.5 M NaHCO3+0.01 M KCI.

The passive film formed on carbon steel in bicarbo-
nate will have the worst protective properties, compared
with those formed on chromium steel and HSS, since it
is heavily doped and disordered (Np of the order of
10%2), the space-charge layer being very thin (1-6 A)
[25], and consequently the passive film thickness.

The effect of chloride ion on the semiconductor
properties of the passive films is not very significant.
There is, however, evidence of space charge layer
thinning in the presence of 10 mM chloride (see Fig.
8(b)), which implies a thinning of the passive film, as
would be predicted. It also appears to partially annul

any differences in the flat band potential caused by heat
treatment. Thus, any effect of chloride ion is most seen
through the impedance response of these passive films
grown on the steels.

4. Conclusions

This study has shown that differences between the
characteristics of passive films formed on the three types
of mild steel studied in bicarbonate solution can be
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(450 °C); HSS—AR-HSS as-received; HSS—HT-HSS (550 °C) in
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easily distinguished by electrochemical impedance. In
particular, it was shown that:

e carbon steel and chromium steel had similar impe-
dance behaviour at potentials up to 0.3 V (passive
zone of both). Carbon steel remains in the passive
state until 0.9 V.

e Above 0.3 V spectra from chromium steel alter their
shape and magnitude and become similar to those of

HSS for the same applied potentials, ascribed to the
transpassive dissolution of Cr.

e HSS has a different impedance behaviour from that
of carbon steel and chromium steel in the passive
anodic region.

e Heat treatment leads to a change in the properties of
the passive films.

All passive films exhibit n-type semiconductor beha-
viour; the dopants in the passive films are mainly oxygen
vacancies. The calculated donor densities are higher and
the space charge region thinner for chromium steel,
compared with HSS, suggesting that the passive film
formed is less protective. Non-linearity in the Mott—
Schottky plots for carbon steel and instability in the
presence of chloride ion suggested that it is the least
protected of the three types of steel.

It was seen that differences in passive films formed are
due not only to the composition of the substrate but also
to heat treatment and to a small extent to the presence
of chloride ion in the passivating solution, except for
carbon steel. Heat treatment led to higher film resis-
tances, reflected in lower donor densities, ascribed to the
higher fraction of alloying elements in solid solution in
the iron matrix. Although addition of 10 mM KClI to the
passivating 0.5 M NaHCOj; solution does not cause any
significant difference in the impedance spectra, there is
evidence of thinning of the space charge layer.
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