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This work studies the semiconducting behavior of passive films formed on AISI 316L
in two different seawater solutions: non-polluted and polluted, collected from the
volcano of El Hierro Island. Polarization measurements, potentiostatic passivation tests,
electrochemical impedance spectroscopy and capacitance measurements were
performed. Results show that the polluted seawater worsens passivation Kkinetics.
Additionally, passive films formed on AISI 316L SS in polluted seawater have been
found to be less protective than those formed in non-polluted seawater, showing a more

defective structure owing to the acidity of the polluted medium.
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Introduction

Last 10™ of October of 2011 a volcano erupted in the Atlantic Ocean near the island of
El Hierro (Canary Islands, Spain). When a volcano erupts in the sea, it releases gases
and thermal water emissions, CO, being the main gas (90 %). This could cause a
decrease of the seawater pH value and modify the behavior of the materials which are in

contact with this medium'™.

Stainless steels (SS) are widely used in several industrial sectors. In particular,
Austenitic stainless steels possess excellent resistance to general corrosion’, especially
AISI 316L stainless steel combines good mechanical properties and corrosion resistance
due to the addition of molybdenum and low carbon content’. The high corrosion
resistance of SS is related to the passive film formed on their surface. However, SS are
susceptible to localized corrosive attacks, such as pitting corrosion, intergranular
corrosion and stress corrosion cracking in highly electrical conducting media, such as
seawater. Corrosion can cause great damages to marine steel infrastructures such as
bridges, wharfs, platforms and pipeline systems’. These corrosion problems could be
aggravated if the medium is altered, due to volcano emissions, since the resistance of

the surface film is influenced by the pH®.

There are some studies dealing with the passivation/corrosion processes of AISI 316L
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SS in natural seawater” . Mott—Schottky analysis is a powerful tool to study the

semiconducting properties of passive films; some works have used this technique to
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evaluate passive film formed on AISI 316L stainless steels © . This work covers a



comprehensive study of the passivation/corrosion behavior of AISI 316L stainless steel
which includes, among others, electrochemical impedance spectroscopy (EIS) and the
Mott—Schottky analysis. The novelty of the study lies in the electrolyte used; that is
polluted seawater collected from the volcano of El Hierro Island, since no works
involving corrosion of SS in volcano seawater have been found in the literature. The
main objective of this work is the study of the semiconducting behavior of passive films
formed on AISI 316L in two different seawater solutions: non-polluted and polluted

(collected from the volcano of El Hierro) seawater.

Experimental procedure

Materials, solution and electrochemical cell

Experiments were performed in non-polluted and polluted seawater. Figure 1 shows the
coordinates where the seawater samples were taken on 19th of December of 2011. The
polluted water was obtained on the focus of the volcano; the non-polluted samples were
taken at enough distance to avoid the influence of the pollutants spread by the volcano,
following the suggestions of the Spanish National Geographic Institute. Additionally,
Table 1 presents the main parameters of the non-polluted and polluted by the “El
Hierro” volcano eruption seawaters. Moreover, composition of several metals was of
the order of pg/l, in both seawaters. Aluminum, Zinc and Iron were the metals found in
higher concentrations in the unpolluted seawater; especially, iron concentration could
reach 1 mg/l. Prior to each experiment the pH and conductivity of the non-polluted and
polluted seawater was measured. As shown in Table 1, the most substantial difference

between both seawaters is pH.



The material tested was AISI 316L stainless steel (16.957 wt.% Cr, 10.171 wt.% Ni,
1.337 wt.% Mn, 2.298 wt.% Mo, 0.004 wt.% S, 0.368 wt.% Si, 0.030 wt.% P, 0.022
wt.% C, Bal. wt.% Fe). The electrodes were cylindrically shaped (8-mm in diameter and
55 mm long) and covered with a polytetrafluoroethylene (PTFE) coating. The area
exposed to the solution was 0.5 cm”. All specimens were wet abraded from 500 to 4000

SiC grit, and finally cleaned with ethanol, rinsed with distilled water and air-dried.

To perform the electrochemical tests a sheathed vertical electrochemical cell was used.
The cell was made of glass and allows the introduction of three electrodes: a silver-
silver chloride (Ag/AgCl 3M KCl) reference electrode, a platinum (Pt) wire as an
auxiliary electrode and the working electrode, which was the AISI 316L SS.
Electrochemical measurements were performed to AISI 316L stainless steel using an
Autolab PGSTAT302N potentiostat, in both non-polluted and polluted seawater, at 25°
C. In all cases the tests were repeated at least three times in order to verify

reproducibility.

Polarization tests

Polarization tests began at a potential value of -250 mVagagct with respect to the open
circuit potential and the potential was subsequently scanned anodically until the current
density reached 10 mA/cm?, where the potential scan was reversed. A scan rate of 0.5

-1
mV-s~ was used.

Potentiostatic passivation tests



Before the passivation experiments, the electrode potential was kept at a cathodic value
of -0.4 Vagagct for 15 minutes, to create reproducible initial conditions. Afterwards, the
working electrode was polarized at the different formation potentials within the passive
range of AISI 316L SS (from -100 mV ag/agci to 150 mVag/agcr in intervals of 50 mV)
for 1 hour, in both non-polluted and polluted seawater at 25° C, to form a steady-state
passive film. During passivation experiments, current density was recorded against

time. Current density transients have been used to obtain the passivation time, .

EIS and capacitance measurements

EIS and capacitance measurements were performed after passivation tests, once a stable
passive film was formed on the surface of the samples. EIS measurements were
conducted at the several formation potentials in the frequency range of 100 kHz-10
mHz, with a signal amplitude of 10 mV. Subsequently, the capacitance of the interface
was calculated at a constant frequency of 5 kHz using a 10 mV amplitude signal and
scanning the potential from the formation value in the negative direction at a rate of 25
mV s™". A high scanning rate was used to avoid electroreduction of the passive film and
changes in film thickness during the measurements. At a sufficiently high scanning rate,
the defect structure within the passive film is “frozen-in”, to avoid the defect density

from being affected by the change of the applied potential.

Results and discussion

Polarization tests



Figure 2 shows the cyclic polarization curves obtained in both seawater media. As tests
were reproducible, the curves shown illustrate one of the recorded measurements.
Cyclic polarization curves provide information about the corrosion, pitting, passivation
and repassivation behavior of metals and alloys with parameters such as corrosion
potential (E.,), passivation current density (i,), pitting potential (£,) and repassivation
potential (£,,) (Table 2). According to the corrosion potential values determined from
the curves, defined as the potential at which the net current density (sum of the anodic
partial current density and the cathodic partial current density) was equal to zero, it can
be observed that E . possesses more negative values in polluted seawater, indicating
that AISI 316L SS becomes more active and is more likely to corrode in this medium.
Table 2 shows the passivation current densities obtained as the mean values where
current density remains stable when potential shifts to the anodic direction. The i,
values determine the corrosion rates of the passive alloy. Current fluctuations appeared
along the passive zone of the curves indicating metastable pitting before the pitting

potential >

(Figure 2). Passivation current densities significantly increase in polluted
seawater, showing that its lower pH value affects the structure of the passive film.
Pitting potentials (£,) were determined as the potential at which current density reaches
100 pA/cm® ', Pitting potential indicates pitting corrosion susceptibility to local
breakdown and stable pit initiation. AISI 316L SS is susceptible to pitting corrosion
both in non-polluted and polluted seawater solutions, since chlorides are aggressive ions
that promote passive film breakdown of stainless steel'®!”. Pitting potential presents the
most positive value in non-polluted solutions (Table 2), however, they are of the same
magnitude order regardless the studied medium. E,, was recorded at the crossing point

between the backward and forward scans. This parameter refers to the limit below

which the metal remains passive and active pits repassivate. If £,,, is more positive than



the corrosion potential, the material is able to regenerate an eventual breakdown of the
passive film; however, if E,, is more negative than the corrosion potential, the material
is not able to completely repassivate the pits. The E,,, values obtained are more positive

than the corrosion potential in all cases; thus, the material can repassivate the pits.

Potentiostatic passivation tests

Potentiostatic passivation tests were conducted in both non-polluted and polluted
seawater at several formation potentials within the passive range of AISI 316L SS (see
Figure 2). As a representative example, Figure 3 shows the effect of the type of
seawater (non-polluted and polluted) on the current density transients of AISI 316L SS
when its potential stepped from the cathodic cleaning potential of -0.4 Vagagci to the
formation potential of -0.1 Vagaeci. Regardless of the type of seawater, the passive
current density of AISI 316L SS decreases exponentially with passivation time as the
passive film grows on the electrode surface, and eventually reaches a very low steady-
state value (i;) after 1 hour of passivation. During the first 100 seconds of the test,
current density values are significantly higher in the sample immersed in the polluted
seawater than in the sample immersed in the non-polluted seawater (Figure 3). The
main difference between both samples is the current density peak recorded immediately

after the potential step, which is far higher in the sample immersed in polluter seawater.

The passivation rate of a metal or alloy can be compared in terms of the time required to
achieve a predetermined degree of passivation after stepping the potential from the

cathodic cleaning potential to the formation potential, which is known as passivation



time (tp)18’19. The shorter the passivation time, the faster the passivation rate of an alloy
will be. Taking an arbitrary value of passive current density of i, = 0.5 pA/cm?, similar
to the values of passive current density obtained from the polarization curves (Figure
2), passivation time can be determined from Figure 3 in both non-polluted and polluted
seawater at a formation potential of -0.1 Vagaeci. Passivation time values, t,, were 218
and 457 s, respectively, showing a 109.63% increase of ¢, in the polluted seawater with
respect to the value in the non-polluted seawater at an applied formation potential of -
0.1 Vagagar. It can be observed that the value of #, in the polluted seawater is more than
two times higher than in the non-polluted seawater. Therefore, passivation is slower in

the sample immersed in the polluted seawater.

EIS measurements

Electrochemical impedance spectra were measured at different formation potentials in
the passive region (see polarization curves in Figure 2). By way of illustration, Nyquist
and Bode plots are shown in Figure 4 for AISI 316L SS in both polluted and non-
polluted seawater, at a formation potential of -100 mVagaec1 and 25° C. It can be
observed that the AISI 316L SS electrode immersed in the non-polluted seawater has
higher Faradic impedance than the electrode immersed in the polluted seawater. In Bode

plots, a non-ideal capacitive behaviour is observed in both electrolytes.

The stability of the system is crucial for the validity of EIS measurements. An
independent check of the validity of impedance data (that is, compliance of the system
with the constraints of the Linear Systems Theory (LST)) is possible through the use of

Kramers—Kronig (K-K) transforms. The Kramers—Kronig transforms have been applied



to the experimental impedance data by transforming the real axis into the imaginary axis
and the imaginary axis into the real axis and then comparing the transformed quantities
with the respective experimental data. Typical Kramers—Kronig transforms of the
impedance data obtained in the present study for AISI 316L SS in both non-polluted
and polluted seawater at a formation potential of -0.1 Vaga,ci are displayed in Figure 5.
It can be seen that the K-K transforms are almost exact, following the same tendency as
the experimental values. The success of the K—K transforms demonstrates that the
system (AISI 316L/seawater) remained stable during the measurement time, is causal
and is linear. These conditions are prerequisites for the analysis of the data in terms of

electrical analogues.

The equivalent electric circuit used to interpret EIS spectra of anodically formed passive
films is shown in Figure 6. In this equivalent circuit, Ry represents the electrolyte
resistance, R; and CPE; correspond to the charge transfer resistance and the capacitance
of the passive film/electrolyte interface, respectively, and Zy is a Warburg component,
which has been used to interpret the transport of vacancies within the passive film, in
the frame of the Point Defect Model*>**. The Warburg impedance is represented by
means of an Open-Boundary Finite Length Diffusion element (OFLD element)****2¢,
which models dimensional diffusion through a layer of finite thickness with absorbing

boundary condition. The equation of the OFLD element is the following®*?°:

Z,, (OFLD) = M (1)

Y,lje



Where j = (-1)"%, B = 6/(D)"?, D is the diffusion coefficient of vacancies, ¢ is the
diffusion layer thickness, Yy = (6(2)"?)"and o is the Warburg coefficient, which is

inversely proportional to the vacancy density within the passive film***’.

A constant-phase element (CPE) representing a shift from the ideal capacitor has been
used instead of the capacitance itself. The impedance of a constant-phase element is

defined as:

Q=Zepy = [C(Jw)a ]_1 (2)

where a, defined as a CPE power, is an adjustable parameter that lies between -1 and 1.
For a = 1 the CPE describes an ideal capacitor, and for a = 0 the CPE is an ideal
resistor. When a = 0.5 the CPE represents a Warburg impedance with diffusional
character and for 0.5 < a < 1 the CPE describes a frequency dispersion of time constants

due to local heterogeneities in the dielectric material. A pure inductance yields o = -1.

The CPE used in the equivalent electric circuit of Figure 6 has been converted into a

pure capacitance (C) by means of the following equationzg’zg:

(n—1)/n

C:Ql/n(Rs_1 +R1_]> 3)

where O = ZcpE (eq. (2)).

The parameters of the equivalent circuit of Figure 6 obtained from the fitting procedure
are shown in Table 3. The charge transfer resistance, R, is always higher in the non-

polluted seawater, which reflects better protective properties of the passive films. Thus,
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the charge transfer reactions which take place at the AISI 316L SS electrodes surface
are enhanced in the polluted seawater. On the other hand, the values of the interfacial
capacitance, C;, are higher in the polluted seawater, which suggests, along with the
decrease of the charge transfer resistance R;, worse protective properties of the passive
films formed on AISI 316L SS. Finally, Warburg coefficient values are always lower in
the polluted seawater, which indicates an increase in the number of point defects within

the passive films formed in this seawater.

Regarding the influence of formation potential on the impedance response of passive
films formed on AISI 316L SS, it can be observed from Table 3 that R; increases and
C; decreases with increasing formation potentials. These results indicate that passive
films formed at higher passive potentials are more protective than those formed at lower
potentials within the passive region. According to the increasing values of the Warburg
coefficient with increasing formation potentials, the improvement of the protective
properties of passive films formed at higher passive potentials is related to a decrease in

the number of point defects within their structure.

Capacitance results

The electrochemical capacitance of the passive film/electrolyte interface was measured
as a function of the applied potential to assess the semiconductive properties of the
passive films. Since the space charge region developed in the passive film and the
Helmbholtz layer can be considered as two capacitors in series, the measured capacitance

of the film/electrolyte interface can be written as>*":
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111 @
C C, Cy
where Csc is the capacitance of the space charge layer and Cy the capacitance of the

Helmholtz layer.

Figure 7 shows the capacitance-potential relationship after the formation of the film at
0 Vagagcr on the AISI 316L SS surface in the non-polluted seawater for 1 hour. This
curve is representative of the results obtained at the different applied potentials in both
polluted and non-polluted seawater. Below 0 Vagaeci, the capacitance starts rising as a
consequence of the reduction of the space charge layer thickness, reaching a maximum
value of 33.2 pF/cm2 at a potential between -0.50 and -0.55 Vagaeci. In this narrow
region of potentials the contribution of the space charge layer to the measured
capacitance is limited and the Helmholtz layer dominates the capacitance response. At
potentials more negative than -0.55 Vagaeci capacitance values decrease as the space

charge layer thickness increases.

It is important to remark that capacitance is frequency dependant’*™. Several causes for
the frequency dispersion have been proposed: (i) a non-uniform distribution of point
defects through the passive film®~’; (ii) the contribution of surface states to the
capacitance response (adsorption of anions, e.g. chlorides, or other species) *>*7; (iii) the
ionic part of the space charge layer, which gives a contribution only at low frequencies
due to the low ionic mobility, particularly in heavily doped materials where the space

33,34,36.

charge region is very thin (passive films generally satisfy these requirements) ;

(iv) dielectric relaxation phenomena which occur throughout the space charge layer and

12



the Helmholtz layer’' ***>*°; (v) an amorphous and strongly disordered semiconductor

nature of passive films, characterized by a high density of localized states between the
valence and the conduction band and whose charging leads to a strong frequency

dependent capacitance behaviour’>?®; (vi) presence of deep donor states

323336
Figure 8 shows the capacitance-potential curves obtained for AISI 316L SS at a
formation potential of 0 Vagaeci, at different frequencies in the non-polluted seawater. It
can be observed that there is a strong frequency dependence at low frequencies
(capacitance curves shift to higher values with decreasing frequencies), but the
capacitance becomes almost independent of frequency at approximately 5 kHz.
Therefore, a value of 5 kHz has been used in this work as the applied frequency to

eliminate capacitance dependence on frequency.
Presented as the Mott-Schottky relation, eq. (4) becomes:

1 1 1 2

= + 5
- tete, ©)

It is usually assumed that the Helmholtz layer capacitance is so large compared with the
space charge layer capacitance that the total capacitance measured can be treated as the
space charge layer capacitance and the potential drop caused by the applied potential
occurs entirely within the space charge region. However, several studies’’”’ have shown
that a significant part of the potential difference at the semiconductor/electrolyte
interface extends to the Helmholtz layer in the solution. Therefore, Cy should not be

30,31

neglected, particularly at highly doped semiconductors, such as passive films™ . In this
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case, the passive film/electrolyte interface can be described by the following

. 1
express10ns30’3 33,

Lty 2 (E —E,, - ij n-type (6a)
e

1 1 2 kT
2T 2 (E - EFB - e} p'type (Gb)

where ¢ is the dielectric constant of the passive film (a value of 15.6 has been assumed
for the chromium and iron oxides formed on austenitic stainless steels’ 3), gp 1s the
vacuum permittivity (8.85:107"* F/cm), e is the electron charge (1.60-10™" C), Np and
N, are respectively the donor and acceptor densities, Erp is the flat-band potential £ is

the Boltzmann constant (1.38-107 J/K) and T 'is the absolute temperature.

Figure 9 shows the plot of C” vs. applied potential, E, for the films formed on AISI
316L SS at different potentials in both polluted and non-polluted seawater for 1 hour.
Mott-Schottky plots reveal the existence of two regions where a Mott-Schottky type
behavior can be observed (straight lines at low and high potentials), separated by the
flat-band potential Erp. In the more anodic of these two regions (£ > -0.4 V for non-
polluted seawater and £ > -0.25 V for polluted seawater, Figures 9a and 9b,
respectively) the capacitance results can be interpreted as representative of the behavior
of an n-type semiconductor. In the second potential region (£ < -0.7 V for non-polluted
seawater and £ < -0.5 V for polluted seawater), the negative slopes of the straight lines

illustrate the electrochemical behavior of a p-type semiconductor.
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According to Hakiki et al.’!

the electronic structure of the passive films formed on
stainless steels can be described by a bilayer model composed of a n-type outer region
of iron oxide (Fe,O3) and hydroxide near the solutions, and a p-type inner region of
chromium oxide (Cr,O3) near the metal. Tsuchiya et al.*® have also used a bilayer model
to describe the semiconducting behavior of passive films formed on Fe-Cr alloys in
sulphuric acid solutions, assuming that these passive films were composed of an outer
n-type hydroxide layer Cr(OH); and an inner p-type oxide layer of Cr,O;. However, the
bilayer structure of passive films formed on stainless steels has been demonstrated to be

8,39-42 - - B :
=77, The n-type outer region would be enriched in Fe”" species, such as

more complex
Fe,0;, FeO(OH) and Fe(OH)s, as well as Cr(OH); and CrO(OH). The p-type inner
region would consist of an anhydrous mixed Fe-Cr oxide, most probably with a spinel
structure, e.g. FeCr,O4 (chromite)®. This spinel should be enriched in Cr, with the
octahedral sites preferentially occupied by Cr(III)8’4O, or even Fe(Il)*, so its structure

should be represented in a more accurate formula as Fe(II)[Cr(III)Fe(Il)(.x)].O4, where

0 <x < 1*. Nickel may also replace iron and chromium in the spinel®.

The 1/C’ vs. E plots shown in Figure 9 exhibit a minimum in the flat-band potential
region. Therefore, the capacitance should not be derived from a single space charge
region, but from at least two regions“. In a metal/film/electrolyte system, space charge
regions can be formed in the film either at the film/electrolyte interface or at the
metal/film interface™.

From Mott-Schottky diagrams, the system can be divided into three interfaces: (I)
metal/inner layer; (II) inner layer/outer layer; (III) outer layer/electrolyte. Figure 10

shows a schematic representation of the energy-band model corresponding to the
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behavior observed. At interfaces (I) and (III), two space charge regions develop in the
inner and outer layers, respectively, depending on the applied potential. At potentials
more positive than the flat-band potential (Er3), the conduction and valence bands bend
upwards at the outer layer/electrolyte interface (III), promoting the development of a
depletion space charge region, while there is an accumulation of holes at interface (1),
which behaves as an ohmic contact. On the contrary, at potentials more negative than
Erp, the bands bend downwards and the situation previously described is reversed.
Thus, at the outer layer/electrolyte interface (III) an accumulation of electrons occurs,
with a consequent ohmic behavior of the outer layer of the film, which converts from a
semiconductor to a metal-like conductor. Therefore, the capacitance measurements
performed in the potential region E < Epp reflect the semiconducting properties of the
inner layer of the passive film. According to this model of the electronic structure of the
passive film formed on AISI 316L SS, the film behaves as a p-n heterojunction where
the space charge regions are not in contact with each other, but localized at the

interfaces (I) and (III).

From the slopes of the linear zones in Figure 9, donor and acceptor densities (Np and
N,) can be calculated for n-type and p-type semiconductors using equations (6a) and
(6b), respectively. For stainless steels, the predominant acceptor species in p-type layers

. . 3’ . .
are chromium vacancies, V¢~ , whereas donor species in n-type layer are oxygen
: = S o 1 44-46
vacancies, V,;* and/or cation interstitials™ . Table 4 shows the values of N4 and Np for

AISI 316L SS in both polluted and non-polluted seawater at the different formation

potentials.
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It can be seen from Table 4 that Np and N, values are of the order of 1020, according to
the results of other authors for stainless steels****. Regardless of the type of seawater,
defect densities decrease as passive film formation potential increases, since anodic
polarization has an annealing effect which eliminates some defects in the passive film*.
Thus, passive films formed at lower passive potentials on AISI 316L SS in both
polluted and non-polluted seawater have more disordered structures and higher defect
densities than those formed at higher passive potentials. These results confirm the
explanations given above concerning the increasing values of the Warburg coefficient

with increasing formation potentials (Table 3).

Regarding the effect of the type of seawater on the defect structure of the passive films
formed on AISI 316L SS electrodes, both p-type inner layer and n-type outer layer are
more defective for passive films formed in the polluted seawater, since Np and Ny
values are higher than in the non-polluted seawater (Table 4). The higher values of Np
in the polluted seawater are related to its higher acidity, since H' (acceptor species™ )
would adsorb at the film/electrolyte interface and react with the oxygen present in the

passive film, generating increasingly anionic oxygen vacancies™ .

According to the Point Defect Model (PDM)*~° aggressive anions such as halides can
adsorb in surface oxygen vacancies, which leads to the generation of a cation
vacancy/oxygen vacancy via a Schottky pair type of reaction. The oxygen vacancies in
turn react with additional anions (chloride in the present case) at the film/electrolyte
interface to generate more cation vacancies, in an autocatalytic process which
eventually could result in passivity breakdown due to the thinning of the passive film, or

the local detachment from the metal. Therefore, the donor density Np characterizes the
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affinity of aggressive anions (i.e. chlorides) for the passive film. The fact that the
passive film formed in the polluted seawater is more donor-doped than that formed in
the non-polluted seawater reveals then a larger sensitivity to pit nucleation related to an
easier incorporation of chloride anions in the oxygen vacancies present in the outer
layer of the passive film. However, the pitting potential values, E,, recorded in both
seawater media (Table 2) are of the same magnitude order. Thus, the defect density
values might not have a considerable influence on the pitting corrosion behavior of the

AISI 316L SS.

According to the results obtained in the Mott-Schottky analysis and to the proposed
model for the electronic structure of the passive film formed on AISI 316L SS (Figure
10), two space charge regions appear at the metal/inner layer and outer layer/electrolyte
interfaces. From the measured capacitance values, the capacitance of these space charge
regions, Csc, can be obtained using eq. (4). As it has been explained above, the
capacitances of the Helmholtz layer, Cy, should not be neglected. It can be assumed that
at the flat-band potential, the total measured capacitance is equal to the electrical double
layer capacitance, Cg, since no depletion layer exists at this potential and the
contribution of the space charge or the passive film to the total capacitance values is

34,35

negligible®*. Thus, C,; values were estimated to be about 20-40 pF cm™, depending on

the seawater and the applied potential, and can be assumed to be mainly due to the
Helmholtz layer. The capacitance of the electrical double layer, Cy, is made up of two

51,52
components™ "

—
—
—

T T ™

dl CYH CD

A
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where Cy corresponds to the capacitance of the Helmholtz layer and Cp is the
capacitance of the diffuse charge or Guoy-Chapman capacitance. The value of Cy is
therefore governed by the smaller of the two components. In sufficiently concentrated
solutions or even at large polarizations in dilute media, Cp becomes so large that it no
longer contributes to Cy and the capacity of the electrical double layer is effectively

51,52

equal to the capacitance of the Helmholtz layer’ . Thus, in seawater and working at

potentials within the passive range, it can be assumed that Cy =~ C.

The maximum thickness of the space charge layers formed in both inner and outer
regions of the passive films can be calculated from the Csc values determined at those
two potentials where 1/C* reaches a maximum in the Mott-Schottky plots, that is, at the
formation potential (thickness of the outer layer) and at the most negative potential
(thickness of the inner layer). Thicknesses have been calculated with the formula for a

parallel plane condenser®*>*:

(8)

where W is the space charge layer thickness. Table 5 gives the thickness values of the
space charge layers formed on the two regions of the passive film (inner p-type layer
and outer n-type layer, W; and W,, respectively) for AISI 316L SS in both polluted and
non-polluted seawater. The magnitude of the thickness of the space charge layers shown
in Table 5 are in good agreement with the thickness of passive films formed on
stainless steels, which is in the range of 1-3 nm”. Thus, the steady-state thickness of the

passive film, Lgs, can be estimated from the sum of W; and W,
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In general, the thickness of the outer layer decreases in the polluted seawater, whereas
the inner layer is thicker in this seawater at low formation potentials. This fact could be
explained from the lower pH value of the polluted seawater. It has been reported that at
low pH values, passive films formed on stainless steels become enriched in chromium,
observing an increase in the thickness of the inner layer®. On the other hand, a decrease
in pH enhances the dissolution rate of iron oxides and hydroxides present in the outer
layer of the passive film®. Nevertheless, the increase of the thickness of the inner layer
in the polluted seawater at low formation potentials due to the decrease of pH does not
imply an improvement of protective properties of the passive film, since passive films
formed in this seawater have been demonstrated to be less resistant and to have a more
defective structure. Therefore, the thickness of the oxide layers that form the passive
film should not be related directly with their protective properties, as other authors have
indicated*, being the semiconducting properties and the defect structure of the passive

film the fundamental factors to evaluate its corrosion resistance.

The influence of the formation potential on both inner and outer layers regions of the
passive film can also be observed in Table 5. On the whole, the thickness of both layers
increases with increasing formation potentials. Figure 11 shows a linear relationship
between the estimated steady-state thickness of the passive film, Lgs, and the formation
potential for both polluted and non-polluted seawater. This linear dependence between

Lss and E is a well established experimental result in the anodic oxidation of metals®>.

Determination of the diffusivity of point defects
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Several authors have demonstrated that the diffusivity of donor species (oxygen
vacancies and/or cation interstitials) through the passive film, Np, decreases
exponentially as the formation potential increases'>**>*>. It has been proved that the
relationship between the donor density and the film formation potential can be

. 4
described as®*:

N, = o, exp(-bE) + v, 9

where @;, w; and b are unknown constants that can be determined experimentally. The

donor density, Np, has already been determined from Mott-Schottky analysis (Table 4).

According to the Point Defect Model (PDM)>**  the flux of oxygen vacancies and/or
cation interstitials through the passive film is essential to the film growth process.
Sikora et. al.>* demonstrated that w; in eq. (9) could be related to the diffusivity of point

defects Do by the following equation based on the Nernst-Plank transport equation:

RT
p, =—JoRT. (10)
2Fw,¢e,

where J, is the steady state flux of donors, F' the Faraday constant, ¢; is the mean
electric field strength, R is the gas constant and 7 is absolute temperature. However,
Bojinov®’ pointed out that eq. (10) was a special case of general vacancy motion
equation with a low field approximation. With a high field approximation, which is
more appropriate to the case of passive films, the donor diffusivity within the passive

film can be calculated by using:
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2
D, =- Yo (12)
o, exp(2aFe, | RT)

where a is the half jump distance (5-10™ cm for steels**~?). Thus, egs. (9) and (11) will
be used in this work to calculate Dy in the passive film of AISI 316L SS, instead of eq.
(10), assuming a mean value of 1.8x10° V cm™ for g, which is consistent with the
values found in the literature for Fe, Fe-Cr and Fe-Cr-Ni alloys in neuter and slightly

alkaline solutions®.

The steady state flux of point defects, Jp, can be expressed in terms of steady state

current density through the passive film>*:

i
Jp=—5 12
0=, (12)

where e is the charge of an electron (1.602x 107" C) and iy is the mean steady-state
passive current density obtained at the end of the potentiostatic tests (0.0595 pA cm™

for the non-polluted seawater, and 0.0752 pA cm™ for the polluted seawater).

The donor density, Np, is presented in Figure 12 as a function of formation potential for
AISI 316L SS in both polluted and non-polluted seawater, in order to determine
diffusivities of point defects. The values of Do obtained from eq. (11) are 5.70-10™"" cm?
s for the non-polluted seawater and 1.92-10"° cm® s™ for the polluted seawater. Since
the main difference between both seawaters is pH (Table 1), it can be said that the

decrease of pH in the polluted seawater has little effect on the diffusivity of point
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defects within the passive film formed on AISI 316L SS surface. Other authors have
also observed small variations of Do values at different lez. Thus, the diffusivities of
the point defects within the passive film formed in both seawaters are in the same range
of 10" cm® s, although it has been demonstrated by Mott-Schottky analysis that defect

densities, Np and N, increase in the polluted seawater.

4. CONCLUSIONS

The parameters obtained from the polarization curves indicate better protective
properties of AISI 316L in non-polluted solutions due to its more noble corrosion
potential and passivation current densities. Repassivation potentials show that AISI
316L SS could repassivate an eventual breakdown of the passive film in both studied

media.

The passivation current density in the polluted sea water has been found to be more than
twice the passivation current density in the non-polluted seawater. Hence, passivation

kinetics is negatively affected by the composition of the polluted seawater.

The decrease of the charge transfer resistance, R;, along with the increase of the
interfacial capacitance, C;, indicate worse protective properties of passive films formed
on AISI 316L SS in the polluted seawater. Furthermore, Warburg coefficient values are
always lower in the polluted seawater, which indicates an increase in the number of

point defects within the passive films formed in this seawater.
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Mott-Schottky plots for AISI 316L SS in both seawater media reveal the existence of
two regions where a Mott-Schottky type behavior can be observed (n-type
semiconductor at potentials higher than Erp and p-type semiconductor at potentials
lower than Epg). These results can be explained considering a bilayer model of the
passive film, with a n-type outer region enriched in Fe’" species, such as Fe,Os,
FeO(OH) and Fe(OH);, as well as Cr(OH); and CrO(OH), and a p-type inner region

made up of an anhydrous mixed Fe-Cr oxide, most probably with a spinel structure.

The density of point defects within the passive films of AISI 316L SS formed in the
polluted seawater is higher than in the non-polluted seawater, both in the p-type inner
layer and n-type outer layer. These results are closely related to the higher acidity of
polluted seawater since the adsorption of H at the film/electrolyte interface generates

additional oxygen vacancies.

The more defective structure of the passive film formed in the polluted seawater reveals
a larger sensitivity to pit nucleation, related to an easier incorporation of chloride anions
in the oxygen vacancies present in the outer layer of the passive film, in agreement with

the postulates of the Point Defect Model.
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Tables captions

Table 1. Composition of both non-polluted and polluted seawater samples, given by the Spanish Institute

of Geodesy.

Table 2. Electrochemical parameters for AISI 316L SS in both non-polluted and polluted seawater,

obtained from cyclic polarization curves.

Table 3. Equivalent circuit parameters obtained by fitting the experimental results of EIS, for AISI 316L
SS in both non-polluted and polluted seawater, at the different film formation potentials within the

passive range.

Table 4. Acceptor and donor densities (N, and Np, respectively) for AISI 316L SS in both non-polluted

and polluted seawater, at the different film formation potentials within the passive range.

Table 5. Thicknesses of the inner (#;) and outer (W,) space charge layers for AISI 316L SS in both non-

polluted and polluted seawater, at the different film formation potentials within the passive range.

Figures captions

Fig. 1. Map showing the zones near the island of El Hierro where the non-polluted and polluted seawater

samples were taken.

Fig. 2. Potentiodynamic polarization cyclic curves for AISI 316L SS in both non-polluted and polluted

seawater solutions at 25° C.

Fig. 3. Current density transients for AISI 316L SS recorded after stepping the potential from the cathodic

cleaning value (-0.4 Vgagcr) to the film formation potential (-0.1 Vagagci), in both non-polluted and

polluted seawater at 25° C.
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Fig. 4. Nyquist (a) and Bode (b) plots for AISI 316L SS in both non-polluted and polluted seawater at 25°

C, at a film formation potential of -0.1 V ag/agci-

Fig. 5. Kramers—Kronig transforms of EIS data for AISI 316L SS in (a) non-polluted seawater and (b)

polluted seawater.

Fig. 6. Representation of the equivalent circuit proposed for the interpretation of EIS spectra of AISI

316L SS in the seawater solutions under study, at a film formation potential of -0.1 V og/agci-

Fig. 7. Capacitance-potential curve obtained at 5 kHz for AISI 316L SS in the non-polluted seawater at

25° C, scanning the potential from the film formation value of 0 V zgaqci in the negative direction.

Fig. 8. Capacitance-potential curves obtained at different frequencies for AISI 316L SS in the non-
polluted seawater at 25° C, scanning the potential from the film formation value of 0 Vagaeci in the

negative direction.

Fig. 9. Mott-Schottky plots for AISI 316L SS obtained at 5 kHz at different film formation potentials in
(a) non-polluted seawater, and (b) polluted seawater, at 25° C.

Fig. 10. Schematic representation of the electronic energy band for the passive film formed on AISI 316L
SS surface in both non-polluted and polluted seawater, at potentials higher and lower than the flat-band

potential, Erp.

Fig. 11. Estimated values of the steady-state thickness of the passive film formed on AISI 316L SS

surface (Lgs) as a function of the film formation potential, in both non-polluted and polluted seawater at

25°C.

Fig. 12. Donor density (Np) as a function of the film formation potential for AISI 316L SS in both non-

polluted and polluted seawater at 25° C.
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Value

Unpolluted seawater

Polluted seawater

pH 8.02 6.23
Conductivity (uS cm™) 65850 66400
Sodium (mg 1) 11080 11868
Potassium (mg 1™ 438 447
Calcium (mg I'") 558 400
Magnesium (mg I™%) 1486 1320
Sulphates (mg 1™ 2400 2600
Chlorides (mg 1™ 20926 21200
Bicarbonates (mg I™) 159 220
Carbonates (mg 1) 5.53 0.00




(Ag/AgCl)/mV cm™ (Ag/AgCl)/mV | (Ag/AgCl)/mV
02M 124+ 7 0.30+0.09 | 2.32 +0.15 557 + 10 164 + 10 10.95 + 3.27 40 +5
0.6 M -147 + 10 0.58 +0.10 | 3.08 + 0.22 496 + 8 145 + 12 11.89 + 1.14 64 + 12




6/kQ em? s

E vs (Ag/AgCl)/mV Rg/Q cm? R,/kQ cm® C,/uF cm™ Qo
-100 475+0.3 385.17+71 | 441303 | 0.90+0.01 34.04 + 11
50 519+05 363.80+65 | 3948+2 | 0.91+001 4167+9
N‘;::V’:’;lt‘;:ed 0 544+06 | 72456+123 | 39.87+1 | 0.91+0.02 4546+ 5
50 530+05 62049+82 | 3365+1 | 0.92+001 5252+ 12
100 529+07 52237+67 | 2601+3 | 0.86+001 67.96 4
150 539+02 | 114330+154 | 2912+4 | 0.88+0.01 94.25 + 17
-100 534+01 24967+14 | 56.42+5 | 0.92+001 3190+ 7
50 513+03 25769+9 | 52.21+03 | 0.92+0.01 3423+ 4
sl)e‘;lvlv“::’i 0 501+02 30039+42 | 4322+2 | 092+001 36.67+9
50 520+01 37293+83 | 37.21+2 | 092+001 4248+ 1
100 543+02 39360+24 | 30.34+3 | 0.92+001 5333+ 1
150 564+04 73425+54 | 2742+4 | 0.91+001 55.63 £ 3




Non-polluted seawater

Polluted seawater

E vs (Ag/AgChH/V

Na/10%cm>

Np / 102%cm

Na/10%cm>

Np / 102%cm

-0.10 7.83+0.2 3.52 +0.07 7.43+0.2 10.10+1
-0.05 6.71+0.3 3.04 +0.01 9.05+0.1 9.06+1
0 4.81 +£0.03 1.75+0.3 6.07+0.5 6.84 +2
0.05 3.63+0.5 1.39+0.2 5.70+0.6 493+0.2
0.10 1.70+0.01 1.23 +0.06 5.51+0.5 3.84+0.1
0.15 1.22+0.2 0.96 +0.09 6.92+0.6 347+04




Non-polluted seawater

Polluted seawater

E vs (Ag/AgCl)/mV Wi/ nm W,/ nm Wi/ nm W,/ nm
-0.10 0.64 +0.02 0.89+0.01 0.85+0.02 0.56 + 0.04
-0.05 0.58 + 0.02 0.94 +0.02 0.87 £0.04 0.63 £ 0.04
0 0.71+0.03 1.18 £ 0.07 0.89 £ 0.05 0.72 £ 0.05
0.05 0.75+0.02 1.43 £ 0.04 0.83+£0.01 0.80 £ 0.02
0.10 0.87 £ 0.05 1.50 + 0.06 0.87 £ 0.05 0.84+0.01
0.15 1.23+0.05 1.97 £ 0.05 1.06 +0.11 1.06 + 0.12




Canary lIslands |

A. Volcano focal point:  27°36.837 N
17°59.367 W

B. Non-polluted seawater: 27° 37.510 N
17°59.060 W
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