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Abstract

This work compares the effect of non-polluted and underwater-volcano-polluted
seawater on the electrochemical behavior of two different alloys, notably an austenitic
stainless steel (SS) and a duplex stainless steel. Polarization measurements,
potentiostatic passivation tests, electrochemical impedance spectroscopy and
capacitance measurements were performed. Results show that the composition of the
polluted seawater negatively affects the passivation kinetics of both AISI 316 SS and
Alloy 900, decreasing the corrosion resistance of both alloys. Additionally, when both
steels are compared, it can be concluded that passive films formed on Alloy 900
presented better protective properties than those on AISI 316 SS.

Keywords: Volcanic eruption; Stainless steel; passive films; EIS; Mott-Schottky
analysis.

1. Introduction

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

contact with this medium ',
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Materials for marine applications are selected to maintain the integrity of the structure
(i.e. to be sufficiently robust withstand their service environment) and to be corrosion
resistant. Stainless steels are used in marine applications because they are resistant to
corrosion, easily fabricated and offer good mechanical properties. However, Stainless
steels (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 '°’. Therefore,
an adequate selection of the materials is quite important; austenitic stainless steel grades
1.4401 (AISI 316) and its derivatives are suitable for coastal service environments,
splash zone applications and intermittent submersion in seawater. Duplex stainless
steels (e.g. 1.4462/ASTM S31803) may be used in brackish waters (e.g. estuaries where
the chloride content of the water is less than that of the open sea). Superduplex stainless
steels (e.g. 1.4410/ASTM S32750) may also be used in direct and prolonged contact

with seawater (e.g. in offshore oil platforms).

In a previous work "), a comprehensive study of the passivation/corrosion behavior of
AISI 316L stainless steel was performed; the novelty of the study lied in the electrolyte
used (polluted seawater collected from the volcano of El Hierro Island) and the results
showed a clear influence of the polluted water on the passivation properties of the AISI
316L. Now, the main objective of this work is to compare the influence of the non-
polluted and polluted seawater on the electrochemical properties of two different

stainless steels, notably the austenitic stainless steel AISI 316 and the duplex stainless



steel UNS 1.4462 (Alloy 900) by using different electrochemical techniques, i.e.
potentiodynamic curves, electrochemical impedance spectroscopy (EIS) and the Mott—

Schottky analysis.

2. Experimental procedure

2.1.  Materials, solution and electrochemical cell
Experiments were performed in non-polluted and polluted seawater. The coordinates
where the seawater samples were taken are shown elsewhere!’”) as well as the main

parameters of the seawaters!”),

The materials tested were AISI 316 stainless steel and duplex stainless steel, Alloy 900,
the composition in weight percent of both steels is shown in Table 1. The electrodes
were cylindrically shaped (8-mm in diameter and 55 mm long) and covered with a
polytetrafluoroethylene (PTFE) coating. The total 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. Electrochemical measurements were
performed to the stainless steels 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.



2.2.  Polarization tests

Polarization tests began at a potential value of -250 mVagagci 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.

2.3.  Potentiostatic passivation tests

Before the passivation experiments, the electrode potential was kept at a cathodic value
0f -0.4 Vagagci for 15 minutes, to create reproducible initial conditions. Afterwards, the
working electrode was polarized at -0.1 Vagagci 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, £,.

24. 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 separately at Open Circuit Potential (OCP) and at the applied potential of
-0.1 Vagagcr in the frequency range of 100 kHz-10 mHz, with a signal amplitude of 10
mV. Additionally, 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
-0.1 Vagagcr 1n the negative direction at a rate of 25 mV st 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.

3. Results and discussion

3.1. OCP

Table 2 shows the mean values corresponding to the last-five-minutes of one hour of
the open circuit potential tests obtained for the alloys in the non-polluted and polluted
sea waters. According to Table 2, there is no influence of the media (non-polluted or
polluted) on the OCP, since the values are of the same magnitude order, both for AISI
316 and Alloy 900. On the other hand, the OCP values obtained for the Alloy 900 in the
non-polluted and polluted seawaters are slightly more negative than those determined

for the AISI 316 SS.

3.2. Polarization tests

Figure 1 shows the cyclic polarization curves obtained in both seawater media. As tests
were reproducible, the curves shown illustrate one of the recorded measurements.
Corrosion potential (E.,.), passivation current density (i,), pitting potential (£,) and
repassivation potential (£,,) were obtained from cyclic polarization curves (Table 3).
According to Table 3, E.,, values are of the same magnitude order regardless the
media, moreover, the values are similar for both alloys. Additionally, Table 3 shows the
i, values which determine the corrosion rates of the passive alloy. Their values were
obtained as the mean values where current density remains stable when potential shifts
to the anodic direction. According to the obtained values, i, significantly increases in
polluted sea waters, this fact could be related with the lower pH find in polluted

seawater. On the other hand, the i, values of Alloy 900 are slightly higher than the



obtained for AISI 316 SS. Corrosion rates of AISI 316 and Alloy 900 are likely to be of
the same order of magnitude since the corrosion resistance of these alloys is provided
by the Cr(Ill)-rich passive film ™. Figure 1 shows that current fluctuations appeared in
the passivation region of the alloys, except for the Alloy 900 in non-polluted seawater.
Therefore, AISI 316 and Alloy 900 in polluted seawater are more prone to metastable
pitting @1, E, indicates pitting corrosion susceptibility to local breakdown and stable pit
initiation and they were determined as the potential at which current density reaches 100
nA/cm? "% Chlorides, which are present in seawater, are aggressive ions that promote

passive film breakdown of stainless steel (10, 11]

, consequently, both alloys are
susceptible to pitting corrosion in non-polluted and polluted sea waters. E, values are of
the same magnitude order regardless the media, the values being slightly more positive
in the non-polluted seawater. However, it is noteworthy the more positive E, values
obtained for the Alloy 900. In general, the duplex alloys offer a number of advantages
over the austenitic stainless steels, including: increased resistance of duplex alloys to

localised corrosion due to the higher N, Cr and Mo contents than corresponding

austenitic stainless steels (Table 1).

3.3. EIS measurements at open circuit potential

Electrochemical impedance spectroscopy was employed to investigate the
electrochemical behaviour of the films formed on the different steels at open circuit
potential. The impedance responses are presented in Nyquist and Bode formats in
Figure 2 and Figure 3 for AISI 316 SS and Alloy 900, respectively in the polluted and
non-polluted seawater. All impedance spectra present a somewhat unfinished capacitive

arc which as evidenced from Figures 2 and 3, which show that the overall impedance



values slightly decrease in the polluted seawater. The high impedance values along with
the phase angle values, which are very close to 90°, suggest that stable films are formed
on the surface of the electrodes !'*'°). In order to take into account this deviation from
the ideal capacitor behaviour, the use of a constant phase element (CPE) was necessary,
due to the distribution of relaxation times as a consequence of heterogeneities on the

electrode surface !'®!. The impedance of this element is defined as !'":

Lepg = ——
d (jm}n 1)

where Q is the CPE constant, o is the angular frequency (rad/s), j* = —1 is the imaginary
number and n is the CPE exponent. Depending on n, CPE can represent resistance (n =

0, Zo = R), capacitance (n = 1, Zy = C), or Warburg impedance (n = 0.5, Zo = W).

The CPE elements, O, have been converted into a pure capacitance (C) by means of the

following equation !®

(Q-R)"™
c-QV
R @

Two time constants appeared overlapped in the Bode plots which has been considered

as the response of an inhomogeneous film composed of a bilayer structure of the

passive films, i.e. a compact inner layer and a less compact outer layer [* '*2%

According to this behaviour the hierarchically distributed equivalent circuit, reproduced

d [13, 21, 22

in Figure 4 has been propose J'to model the experimental data represented in

Figure 2 and Figure 3 at OCP. The quality of data fitting to the equivalent circuit



proposed was evaluated with the chi-squared (%) values, which were of the order of
107, The physical description of the model adopted is that R;, C; and R, C, correspond
to the resistance and capacitance of the outer porous layer and inner oxide layer,
respectively. In this sense, the time constant observed at high frequencies is represented
by the resistance of the solution in the defects of the porous film (R;) and the double
layer capacitance in the defects (C;). The second time constant at lower frequencies is
assigned to the areas covered with the passive oxide film (protective oxide) and is
represented by the R,/C, parallel combination, representing the electrical resistance and
the capacitance of the passive oxide film formed as an inner layer on steels. The
resistance at very high frequencies corresponds to the uncompensated resistance of the
solution (Ry).

The electrical parameters obtained by adjusting the experimental data shown in Figures
2 and 3 are summarised in Table 4. According to the electrical parameters obtained, the
resistance of the inner oxide layer (R;) is larger than the values associated with the outer
layer (R;), which is consistent with the chosen physical model. These results indicate
that the protection provided by the passive film is mainly due to the inner passive layer,
known as the barrier layer, which is composed principally of chromium oxides. The
resistance of the outer porous layer R; depends strongly on the existence of pores or
defects, into which the electrolyte can penetrate and thus, R; provides a sensitive
indication of the appearance of defects in the passive film. C; values are of the order of
those expected for a double layer capacitance '), showing higher values in the polluted
seawater for both steels. Some authors 2"+’ have correlated capacitance values with the

thickness of the passive layers through the expression (3) !'":

d (3)



where ¢ denotes the relative dielectric constant of the layer, g is vacuum permittivity
(8.85x10'* F em™") and d is the layer thickness. Although it is difficult to obtain an
accurate value for the dielectric constant, this expression can give an indication of how
the thickness of the passive films changes in the different conditions, since capacitance
is inversely proportional to layer thickness. In this sense, C; values reveal that the

thickness of the outer layer decreases in the polluted seawater for both alloys.

On the other hand, the parameters associated with the inner oxide layer, R, C,, reveal
that the electrical conductivity of the film increases in the polluted seawater, which is
indicated by the decrease in the resistance R, for both alloys. The increase in the
capacitance C, may indicate that the inner oxide film becomes thinner and this is

especially observed in the 316SS when it is immersed in the polluted seawater.

To compare the corrosion resistance provided for each steel, the polarisation resistance,
Rp has been calculated as the sum of R; + R, (Table 4). The passive films become less
protective in the polluted seawater for both steels, which is revealed by the decrease in
the polarisation resistance. However, it is noteworthy that the resistance of the Alloy
900 in the polluted seawater is slightly higher than that observed for the AISI 316SS,

which means that Alloy 900 developed a more protective passive film in this medium.

3.4. Potentiostatic passivation tests

The current-time transients of AISI 316SS and Alloy 900 obtained in both non-polluted

and polluted seawater are shown in Figure 5. The values of the current density recorded

during the potentiostatic passivation tests give the total current resulting from the



formation and dissolution of the films on the alloys in the different solutions studied **
] When passive films are formed, the dissolution current is usually very small, unless

(26281 " therefore, it is

metal dissolution is dominated by pitting or general corrosion
assumed that the measured current density due to metal dissolution is insignificant

compared to that of the passive film formation.

The shape of the transients in Figure 5 indicates that these are passive systems, since
the current density exponentially decreases with time while the passive film is growing
on the surface of the alloy and reaching a very low steady-state value of the current
density (i) after 1h of passivation. It is noteworthy that during the first 300s of the test,
current density values are higher in the polluted seawater for both alloys, although this

difference is more marked in the AISI 316SS.

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 (7,) (26291 The shorter the passivation time, the faster the passivation rate of an
alloy. 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 1),
passivation time can be determined from the current-time transients show in Figure 5.
The values for ¢, as well as, for the steady-state current density reached for each system
are summarized in Table 5. Passivation times are shown to be higher in the polluted
seawater for both alloys. ¢, increases in the polluted seawater with respect of the non-

polluted seawater. These results confirm that the passivation process in the polluted



seawater is slowed down for both alloys, although it is more pronounced in the AISI

316SS.

Finally, the current density at the steady-state after 1h of passivation (is;) shows slightly
higher values for the polluted seawater for both alloys. After this period of passivation
process, AISI 316SS is able to reach lower values regardless the seawater used in

comparison with the Alloy 900.

3.5. EIS measurements at an applied anodic potential

Passive films have also been anodically formed at -0.1 Vagagct on AISI 316 SS and
Alloy 900 in the non-polluted and polluted seawater, at 25° C, in order to study their
semiconducting properties. The film formation potential has been selected using the
polarization curves of both stainless steels (Figure 1). Figures 6 and 7 show the EIS
spectra of AISI 316 SS and Alloy 900 in the form of Nyquist and Bode plots. In all the
cases, EIS plots display the typical features of a passive system, that is, very high
impedance values and a non-ideal capacitive behavior (phase angles never reach a value
of -90°). These results suggest the formation of a highly stable passive film on the

12-15

electrodes surface ' In general, higher impedance values are observed for those

passive films formed in non-polluted seawater.

The equivalent circuit used above to interpret the EIS data recorded at the open circuit
potential, consisting of two hierarchical parallel RC time constants (Figure 4), has also
been used to fit the experimental EIS results obtained under anodic polarization.

Although the fits were acceptable from a mathematical point of view (3 of the order of



3-10), the values of the CPE, exponent (n,) were close to 0.5 in all the cases. n, = 0.5
is a typical value for mass transfer processes at low frequencies, which can be better
represented by a Warburg element % *!!. Therefore, an alternative equivalent circuit
including a Warburg element replacing the second RC time constant has been used to
interpret experimental EIS data (Figure 8). Therefore, depending on the film formation
conditions (spontaneous formation in contact with the electrolyte at the open circuit
potential or imposing an anodic constant potential), different equivalent circuits may be

1
necessary 3 ].

In this second equivalent circuit (Figure 8), Rs is the electrolyte resistance, the time
constant R;CPE; accounts for the properties of the passive film/electrolyte interface (R;
is charge transfer resistance and CPE; is related to the capacitance of the
film/electrolyte interface, which behaves as a non-ideal capacitor), while the Warburg
impedance has been used to explain the transport of point defects within the passive
film U5 337 The Warburg impedance is defined by the following equation, which

considers a finite diffusion layer thickness with absorbing boundary condition:

_ R, tanh(B ja))

Z
s B.jw

(4)

where B = 6/(D)"?, D is the diffusion coefficient of the diffusing particles, o is the

diffusion layer thickness and Ry is the Warburg resistance.

The values of the different parameters of the equivalent circuit in (Figure 8) are shown

in Table 6. C; values have been calculated from the CPE impedance using equation (2).



The values of y° are of the order of 107, indicating that the fittings are good from a

mathematical point of view.

It can be observed from Table 6 that the charge transfer resistance, R, is higher in the
non-polluted seawater for the Alloy 900, which reflects the better protective properties
of the passive film formed in this electrolyte. Therefore, charge transfer processes at the

passive film/electrolyte interface are enhanced in the polluted seawater.

On the other hand, the capacitance of the passive film/electrolyte interface, C;, increases
in the polluted electrolyte. The interfacial capacitance has a strong influence on
electrochemical processes in passive systems, since its characteristics determine the
potential drop at the semiconducting passive film/electrolyte interface !> % 3%,
Therefore, an increase in C; for the passive film formed in the polluted seawater
suggests, along with the decrease observed in R;, worse protective properties of this
passive film against corrosion. The high values of the exponent #; (equal to or higher
than 0.90 in all the cases) reveal that CPEs correspond to a nearly capacitive response,

and support the introduction of CPEs in the equivalent circuit rather than pure

capacitors.

The Warburg resistance, Ry, also decreases for passive films formed in the polluted
seawater, indicating an enhancement of point defects transport through the passive film
which, in turn, results in higher passive current densities as it has been observed in
Table 3. The last parameter presented in Table 6 is the Warburg coefficient, o,

calculated using the next relationship:



©)

The Warburg coefficient is inversely proportional to the concentration of diffusing
species, which in the present case are the point defects within the passive film B *J ¢

values are always lower in the polluted seawater, indicating an increase in the

concentration of point defects in the passive films formed in this medium.

Concerning the comparison between the protective properties of passive films formed
on both stainless steels, R; values are more than 10 times higher and C; is always lower
in the case of Alloy 900, regardless of the type of seawater (Table 6). Besides, Ry and
ovalues are appreciably higher for Alloy 900, indicating that the number of defects
within the passive film is lower in the case of Alloy 900, and that the transport of these
defects through the film is slower for Alloy 900 than for AISI 316 SS. All these results
denote a better resistance against corrosion of passive films formed on Alloy 900 if

compared with those formed on AISI 316 SS.

3.6.  Mott-Schottky analysis

To study the influence of the different seawaters on the semiconducting properties of
passive films formed on AISI 316 SS and Alloy 900, the Mott-Schottky (MS) analysis
has been performed. Figure 9 shows the variation of C” vs. E at a constant frequency of
5000 Hz. In a previous work "), it was observed that the capacitance-potential curves
obtained for a stainless steel in seawater were strongly dependent on frequency at
frequencies lower than 5000 Hz. At 5000 Hz, however, the capacitance became almost

independent on frequency. Consequently, a value of 5000 Hz has been used in the



present work to perform MS analysis, thus avoiding the capacitance dependence on

frequency.
The measured capacitance of the passive system can be written as:

1

1
— =4
C Cq

1
c, (6)

where Csc is the capacitance of the space charge layer and Cy the capacitance of the

Helmholtz layer.

From eq. (6), the Mott-Schottky relations for p-type and n-type semiconductors are

expressed by egs. (7) and (8) respectively:

1 1 2 kT
2T 2 (E - EFB - ej p'type (7)

L:L2+ 2 (E—EFB—ij n-type ®)
e

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 [41]), g 1S the
vacuum permittivity (8.85-10™" F/cm), e is the electron charge (1.602-10™" C), N, and
Np are respectively the acceptor and donor densities, Erz is the flat-band potential, & is

the Boltzmann constant (1.38-107 J/K) and T is the absolute temperature.



Two linear regions can be observed in the MS plots shown in Figure 9 for the passive
films formed on both stainless steels in both seawater media. One of these linear regions
has a positive slope (at high potential values), while the other linear region displays a
negative slope (at lower potentials). The presence of a straight line with a negative slope
in MS diagrams is characteristic of p-type semiconductors, whereas the straight line
with a positive slope is characteristic of n-type semiconductors. It is normally assumed
that the semiconducting behaviour of stainless steels reveals a duplex structure of their
passive films [* > 2% %61 The inner region of the passive film is made up a mixed
oxide Fe-Cr or Fe-Cr-Ni with a spinel structure which may display both p-type or n-
type semiconducting behaviour, depending on the relative amount of Cr(III) or Fe(II)
46, 47

I The outer region of the passive film consists of a layer of precipitated iron and

chromium hydroxides and oxy-hydroxides, which behave as an n-type semiconductor

[46-48]

A clear influence of the type of seawater on the slope and the capacitance values of the
linear region at high potentials can be observed for both stainless steels (Figure 9). This
linear region at high potentials has been related above to the part of the inner layer of
the passive which displays n-type semiconductivity and to the outer layer of the passive
film (which behaves as an n-type semiconductor, as well). On the other hand, the
influence of the type of seawater on the linear region at very negative potentials is less
marked. The negative slope remains approximately constant, regardless of the seawater
used, while the capacitance values tend to decrease slightly in the polluted seawater,
indicating a thicker space charge layer in the innermost region of the film. This linear
region with a negative slope that appears at the most negative potentials is associated

with the semiconducting behaviour of the innermost layer of the passive film (p-type



semiconductor). In the case of the p-type space charge layer, only its thickness is
modified in the polluted seawater, whereas the density of defects (inversely proportional
to the value of the negative slope, according to eq. (7)) remains approximately constant.
Therefore, the nature of the seawater affects specially the defect structure and the

thickness of the space charge layer developed in the n-type semiconductivity region.

The density of defects within the different space charge regions developed in the AISI
316 SS and Alloy 900 passive films (acceptor, Ny, and donors, Np) can be determined
from the slopes of the linear zones observed in the MS diagrams (Figure 9) using the
equations (7) and (8), respectively. In p-type space charge regions, the predominant
acceptor species are cation vacancies (V. in this case), while in n-type space charge

regions oxygen vacancies ( V') and cation interstitials (Cr®" in this case) are the main

donor species. Kroger-Vink notation is used for the effective positive () and negative
(*) charges in oxygen and cation vacancies, respectively. The values of N and N, for
both stainless steels in non-polluted and polluted seawater at 25° C are shown in Table

7.

It can be observed from Table 7 that the density of oxygen vacancies and/or cation
interstitials, which are predominant in the n-type space charge region, Np, increases
more than two times for the stainless steels passivated in the polluted seawater,
comparing with the samples passivated in the non-polluted seawater. This result
indicates that the part of the inner layer of the film with an n-type semiconducting
behavior, as well as the outer layer of the film, have a more disordered structure in the

polluted seawater, with a higher concentration of defects.



The higher values of Np in the polluted seawater are a consequence of the lower pH of
this electrolyte, since an increase in H™ concentration (acceptor species [*) will enhance
the reaction of H" with the oxygen present in the passive film, leading to an increase in
the amount of oxygen vacancies. Concerning the density of defects existing in the
innermost layer of the passive film (N4, with p-type semiconducting behavior), no clear
tendency is observed in Table 7, so the type of seawater does not have an evident

influence on the defectiveness of this innermost layer.

Comparing both stainless steels, it can be observed from Table 7 that passive films
formed on Alloy 900 have slightly lower densities of donor species (Np), regardless of
the used electrolyte. This decrease in Np may be related to the higher Cr content present
in Alloy 900, since a higher amount of Cr in the composition of the passive film could
result in a lower concentration of cation interstitials (Cr°") in the n-type

semiconductivity region of the passive film.

The thickness of the space charge layers formed within the passive film (dsc) can be
estimated from the Cyc values determined at the formation potential (thickness of the n-
type space charge layer) and at the most negative potential (thickness of the p-type
space charge layer). Thicknesses have been calculated with the expression for a parallel
plane condenser given in eq. (3) **":

The values of Csc necessary to estimate dsc have been determined from the total
measured capacitance (C) and the Helmholtz layer capacitance (Cy) using eq. (6). To
obtain the values of Cp, it has be assumed that the minimum point in the C Vs E plot

(at the flat band potential, E = Erp), Cy is equal to the total measured capacitance, 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 negligible °*°!. From Figure 9 Cy values
were estimated to be 28.6 pF cm™ and 28.0 uF cm™ (AISI 316 SS in non-polluted and
polluted seawater, respectively), and 28.3 pF cm™ and 21.8 pF cm™ (Alloy 900 in non-

polluted and polluted seawater, respectively).

The thicknesses of the p-type space charge layer (dsc ,) and the n-type space charge
layer (dsc ») formed within the passive films of AISI 316 SS and Alloy 900 in both non-
polluted and polluted seawaters are shown in Table 8. It can be observed that the
thickness of the n-type space charge region (dsc ,) decreases considerably in the
polluted seawater, regardless of the used stainless steel, while the thickness of the p-
type space charge region (dsc ,) increases in the case of AISI 316 SS and remains
approximately constant for Alloy 900. The lower pH value observed in the polluted
seawater results in a higher dissolution rate of the iron species that make up the outer
passive film layer, thus decreasing the total thickness of the n-type space charge layer
6] On the other hand, the increase in dsc , observed for AISI 316 SS in the polluted
seawater can also be explained by the lower pH value of this electrolyte, since it has
been observed ¥ that a decrease in pH leads to an enrichment in chromium within the
passive films formed on AISI 316 SS, resulting in a higher thickness of the innermost
layer of the film. However, this increase in dsc , in the polluted seawater is not
accompanied by an improvement of the protective properties of the passive films
formed in that electrolyte, since it has been confirmed above (Table 6) that the
resistance of these films decrease in the polluted seawater as a consequence of a more

defective structure (Table 7).



4. Conclusions

EIS measurements at open circuit potential demonstrate that the protection provided by
the passive films formed on the different alloys was mainly due to the inner oxide film.
Lower values on the polarisation resistance were obtained for both steels in the polluted
seawater, indicating a slightly higher electrical conductivity on these passive films.
These results are in concordance with the behaviour observed in the potentiodynamic

curves.

The current-time transients showed that the passivation process taking place in the
polluted seawater was slowed down for both alloys. Hence, the composition of the
polluted seawater negatively affects the passivation kinetics of both AISI 316SS and

Alloy 900.

Passive films formed in the polluted seawater presented lower resistance values and a
more defective structure in the n-type semiconducting region than those formed in

unpolluted seawater, for the two studied stainless steels (AISI 316 SS and Alloy 900).

The thickness of the n-type space charge region (dsc ,) has been observed to decrease
considerably in the polluted seawater, regardless of the used stainless steel, while the
thickness of the p-type space charge region (dsc ) increased in the case of AISI 316 SS
and remained approximately constant for Alloy 900. Both results have been explained

taking into account the lower pH value in the polluted electrolyte.



Comparing both stainless steels, it can be concluded that passive films formed on Alloy
900 presented significantly better protective properties than those on AISI 316 SS,
showing higher values of R;, Ry and o, and lower values of C;, regardless of the used
seawater. Moreover, Np was lower in the case of Alloy 900, which supports the

previous results and the results observed in the potentiodynamic curves.
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Table Captions
Table 1. Chemical composition in weight % of AISI 316 and Alloy 900 stainless steels.

Table 2. Open circuit potential values for AISI 316 and Alloy 900 in both non-polluted
and polluted seawater.

Table 3. Electrochemical parameters for AISI 316 and Alloy 900 in both non-polluted
and polluted seawater, obtained from cyclic polarization curves.

Table 4. Equivalent circuit parameters obtained by fitting the experimental results of
EIS, for AISI 316L and Alloy 900 in both non-polluted and polluted seawater, at the
open circuit potential .

Table 5. Passivation times, #, and steady-state current density, i, for AISI 316SS and
Alloy 900 in both non-polluted and polluted seawater.

Table 6. Equivalent circuit parameters obtained by fitting the experimental results of
EIS, for AISI 316L and Alloy 900 in both non-polluted and polluted seawater, at the
-0.1 VAg/AgCI-

Table 7. Acceptor and donor densities (N4 and Np, respectively) for AISI 316 and Alloy
900 in both non-polluted and polluted seawater, at the different film formation
potentials within the passive range.

Table 8. Thicknesses of the inner (dsc ,) and outer (dsc ») space charge layers for AISI
316 and Alloy 900 in both non-polluted and polluted seawater, at the different film
formation potentials within the passive range.

Figure Captions

Figure 1. Potentiodynamic polarization cyclic curves for AISI 316 and Alloy 900 in
both non-polluted and polluted seawater solutions at 25° C.

Figure 2. Nyquist (a) and Bode-phase (b) plots for AISI 316 SS in both non-polluted
and polluted seawater at 25° C, at Open circuit potential.

Figure 3. Nyquist (a) and Bode-phase (b) plots for Alloy 900 in both non-polluted and
polluted seawater at 25° C, at Open Circuit Potential.

Figure 4. Representation of the equivalent circuit proposed for the interpretation of EIS
spectra of AISI 316 and Alloy 900 in the seawater solutions under study, at Open circuit
potential.

Figure 5. Current density transients for AISI 316SS (a) and Alloy 900 (b) recorded after
stepping the potential from the cathodic cleaning value (-0.4 Vagaec)) to the film
formation potential (-0.1 Vagaeci), in both non-polluted and polluted seawater at 25° C.
Figure 6. Nyquist (a) and Bode-phase (b) plots for AISI 316 SS in both non-polluted
and polluted seawater at 25° C, at a film formation potential of -0.1 Vg/agci.

Figure 7. Nyquist (a) and Bode-phase (b) plots for Alloy 900 in both non-polluted and
polluted seawater at 25° C, at a film formation potential of -0.1 Vag/agci.

Figure 8. Representation of the equivalent circuit proposed for the interpretation of EIS
spectra of AISI 316 and Alloy 900 in the seawater solutions under study, at a film
formation potential of -0.1 Vag/agci.

Figure 9. Capacitance-potential curves obtained at 5 KHz for AISI 316 (a) and Alloy
900 (b) in the polluted and non-polluted seawater at 25° C, scanning the potential from
the film formation value of -0.1 Vag/agci in the negative direction.



Cr Ni Mn | Mo S Si P C Fe Cu N Ti
AISI 316 | 1696 | 10.17 | 1.34 | 2.30 | 0.00 | 0.37 | 0.03 | 0.02 | Bal. -- -- --
Alloy 900 | 22.34 | 4.85 | 1.59 | 2.69 -- 0.35 | 0.02 | 0.03 | 67.80 | 0.13 | 0.20 | 0.01




Seawater AlSI 316 Alloy 900
Non-polluted 90+7 -161+ 2
Polluted -116 + 4 -155+ 8




Ecorr Vs io/uA cm™? Ep Vs ErpVs Ep- Erf/mV
(Ag/AgCh/mV (Ag/AgCh/mV | (Ag/AgCl/mV
Seawater AlSI 316
Non-polluted 230+ 8 3.89 +0.32 309 + 10 -69 + 11 378
Polluted -239+5 4.66 +0.11 302+7 -55 + 15 357
Alloy 900
Non-polluted -203 +11 4.35 + 0.44 1220 + 47 990 + 22 230
Polluted -197 +6 5.02 + 0.09 1200 + 29 990 + 30 210




Ry/Q em’ | R/kQ em® | Cy/uF em™ n, Ry/kQ em® | Cy/uF em™ n, Re/kQ em’ | 42 (x107)
Non-polluted
+ + + + + + +
AISI 316 SS o 56+0.1 29+4 410+12 | 090+001 | 268+42 56.6+1.6 | 0.540.01 297 44
Polluted seawater | 5.8 0.2 52+8 684+19 | 092+001 | 152+32 | 1050+21 | 0.64+0.01 204 44
Non-polluted 47+01 67 +3 511+09 | 0.88+001 | 213+38 309+1.0 | 0.81+0.01 280 48
Alloy 900 seawater

Polluted seawater | 4.7 +0.1 49+5 682+11 | 091+001 | 180+34 266+12 | 082+001 229 86




t (5) Iss (LA sz)
AISI 316 Non-polluted seawater | 156 0.012
Polluted seawater 505 0.014
Alloy 900 Non-polluted seawater | 394 0.12
Polluted seawater 668 0.14




RJ/Q em’ | R/KQ em® | Cy/uF em™ n; Ry/kQ em® | 6/kQ em’s™* | 4% (x107)
AISI 316 SS Non-polluted seawater 54+01 264 16211 0.90£0.01 295+ 14 50+3 3.8
Polluted seawater 48+0.2 26+3 248+1.7 0.90£0.01 207+ 18 39+1 3.7
Alloy 900 Non-polluted seawater 47%03 535+ 30 124+13 0.91+0.01 753 £ 53 118+ 10 3.0
Polluted seawater 49+03 320+ 11 183+1.2 0.92+0.01 544 +18 76+6 2.7




Na/10% cm

Np/102cm

AISI 316 SS | Non-polluted seawater | 10.4 +0.3 4.7 +0.02
Polluted seawater 8.9+0.3 12.3+£0.6

Alloy 900 | Non-polluted seawater | 8.6+ 1.2 40+£0.8
Polluted seawater 109+£0.5 9.6+0.3




dsc p /nm dSC_n/nm
AISI 316 SS | Non-polluted seawater | 0.37 £ 0.02 | 0.54 + 0.02
Polluted seawater 0.51+0.01 |0.24+£0.01
Alloy 900 | Non-polluted seawater | 0.51 + 0.02 | 0.57 £ 0.01
Polluted seawater 0.48+0.01 |0.23+0.01
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