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The Effect of Chloride Ions Concentration on the Electrochemical Behavior of
AISI 410 Stainless Steels in Simulated Concrete Pore Solution
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Abstract

The effect of chloride ions concentration on the electrochemical behavior of AISI 410 stainless steel in the
simulated concrete pore (0.1 M NaOH + 0.1 M KOH) solution was investigated by various electrochemical
methods such as Potentiodynamic polarization, Mott—Schottky analysis and electrochemical impedance
spectroscopy (EIS). Potentiodynamic polarization curves revealed that increasing chloride ions
concentration led to decreasing the corrosion and pitting potentials of AISI 410 stainless steel. Mott—
Schottky analysis demonstrated that passive films formed on AISI 410 stainless steel in the simulated
concrete pore solution with and without NaCl addition showed some n-type semiconducting behavior
in nature. Moreover, Mott—Schottky results showed that the donor density was increased by increasing
chloride ions concentration. EIS revealed that in the absence of chloride ions, the surface films formed
on AISI 410 stainless steel in the simulated concrete pore showed higher passive film and charge transfer

resistance. However, in the presence of chloride ions, an inversion of this trend was observed.
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1. Introduction

Martensitic stainless steels (especially AISI 410) are
mainly used for applications where high strength is
required. However, due to their low chromium con-
tent, these stainless steels are relatively sensitive to
corrosion . Generally, the corrosion resistance of
stainless steels is due to the presence of passive films
formed on the surface. The nature and content of al-
loying elements and specific experimental conditions
(neutral, acidic or alkaline) affect the chemical com-
position and the structure of the passive films ¥

The passive films are made of oxides or hydroxides
identified as semiconductors. Semiconducting proper-
ties are then observed on the passive films. To come
to a better understanding of passive films formed on
stainless steels, many studies have been performed
on semiconducting properties through Mott—Schottky
analysis *'¥. In recent years, many studies on semi-
conducting properties of passive films formed on
stainless steels have led to a better understanding of
the corrosion behavior of these alloys '>19.

Generally, the chemical composition of passive films
varies with alloy composition and pH of the solution,
while it is expected to affect semiconducting proper-
ties of the film'>2%. In alkaline solutions, the main ef-

* Corresponding author
Tel: +98 813 8252505
E-mail: a.fattah@basu.ac.ir
Address: Department of Materials Engineering, Bu-Ali
Sina University, Hamedan 65178-38695, Iran

1. Assistant Professor

2. BSc

3. BSc

Fax: +98 813 8257400

fect of increasing pH on film formation is thickening
the passive film, because iron oxides are more stable
in these solutions 2V. Conversely, in acidic solutions,
chromium-rich oxide film is formed due to the slower
dissolution of chromium oxide when compared to iron
oxide 2.

Although many studies have been published on the
passivity of stainless steels in alkaline solutions, there
is little information regarding the effect of chloride
concentration on the semiconducting behavior of the
passive film formed on these alloys in these solutions.
At first, the present work was designed to better un-
derstand the electrochemical behavior of AISI 410
martensitic stainless steel in the simulated concrete
pore (0.1 M NaOH + 0.1 M KOH) solution. Moreover,
the Mott—Schottky analysis of this stainless steel in the
simulated concrete pore with and without NaCl addi-
tion at open circuit potential (OCP) conditions was
performed to determine the semiconducting behavior.
In addition, estimation of the dopant levels in the pas-
sive film and the assessment of the dopant levels in the
film as a function of chloride ions concentration were
done in this study.

2. Experimental Procedures

The specimens were fabricated from a thick plate
of AISI 410 stainless steel with the chemical compo-
sition (%, wt.): Cr 19.1, Ni 9.35, Mn 1.66, Si 0.45,
C 0.08, P 0.03, S 0.003, and balance Fe. All samples
were ground to 2000 grit and cleaned by deionized
water prior to tests. The solutions used in this study



were 0.1 M NaOH + 0.1 M KOH (the simulated con-
crete pore) with and without NaCl addition (1.0%,
2.0%, 3.0% and 4.0% wt NaCl). The electrochemical
measurements were performed in the following se-
quence:

(a) Potentiodynamic polarization curves were mea-
sured potentiodynamically at a scan rate of 1 mV s by
starting from -0.25 V (vs. E_ ).

(b) Mott-Schottky analysis was carried out on the
passive films at a frequency of 1 kHz using a 10 mV
ac signal and a step potential of 25 mV, in the cathodic
direction.

(c) EIS test was conducted at OCP DC potential, AC
potential with the amplitude of 10 mV and normally, a
frequency range of 100 kHz to 10 mHz.

Prior to all electrochemical measurements, work-
ing electrodes were immersed at OCP in solutions to
form a steady-state passive film. All electrochemi-
cal measurements were performed in a conventional
three-electrode flat cell. The counter electrode was a
Pt plate, and all potentials were measured against Ag/
AgCl in saturated KCI. All electrochemical measure-
ments were obtained using Autolab potentiostat/ gal-
vanostat controlled by a personal computer. For EIS
data modeling and curve-fitting method, the NOVA
impedance software was used.

3. Results and discussion
3.1. Open circuit potential (OCP) measurements

In Fig. 1, changes in OCP of AISI 410 stainless steel
in the simulated concrete pore solution with and with-
out NaCl addition are shown. At the start of immersion,
the potential was immediately reduced, showing the
dissolution of oxide layer for all solutions. However,
as time passed, the open circuit potential was directed
towards the positive amount. Fig. 1 also indicates that
within 1500 seconds, a stable condition was achieved
and electrochemical tests could be conducted.
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Fig. 1. OCP plots of AISI 410 stainless steel in 0.1 M
NaOH + 0.1 M KOH solution with and without NaCl
addition.
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3.2. Potentiodynamic polarization measurements

Fig. 2 shows the potentiodynamic polarization curves
for AISI 410 stainless steel in the simulated concrete
pore solution with and without NaCl addition. It could
be observed that the electrodes exhibited the same curve
shapes, where the current was changed smoothly and
linearly around the rest potential, thereby manifesting
cathodic and anodic Tafel behavior. Also, no active-
passive transition peak was observed in the anodic
curve. As illustrated, the passive current density was
enhanced with the increase in the concentration of
chloride ions.
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Fig.2. The effect of chloride ions concentration on
the potentiodynamic polarization curve of AISI 410
stainless steel in 0.1 M NaOH + 0.1 M KOH solution.

The corrosion current density (i, ) was calculated
by Tafel extrapolation of the linear part for the
cathodic branch back to the corrosion potential . The
variations of the corrosion current density of AISI 410
stainless steel in the simulated concrete pore solution
with and without NaCl addition are illustrated in Fig. 3.
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Fig.3. Variations of the corrosion current density
of AISI 410 stainless steel in 0.1 M NaOH + 0.1 M
KOH solution with and without NaCl addition.

It could be observed that the corrosion current density
of AISI 410 stainless steel was increased linearity with
the increase in the concentration of chloride ions. Also,
variations in the corrosion and pitting potentials of this
stainless steel in the simulated concrete pore solution
with NaCl addition are shown in Fig. 4. As can be
seen, the corrosion and pitting potentials of this
stainless steel were decreased with the increase in
the concentration of chloride ions. Also as can be
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seen in Fig.4 (a), corrosion potentials determined
according to potentiodynamic  polarization
curves were different from the OCP plots. These
differences were correlated to the partial reduction
of metal ions in the passive film after applying the
cathodic polarization step during potentiodynamic
polarization = measurements. Moreover, the
chemical composition and structure of the passive
films were changed by increasing the potential.
Thus, the corrosion potentials were shifted to
more negative regions during the potentiodynamic
polarization measurements as compared to the rest
potentials obtained from OCP plots ?¥.
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Fig 4. The effect of chloride ions concentration on
the (a) corrosion and (b) pitting potential of AISI 410
stainless steel in 0.1 M NaOH + 0.1 M KOH solution.

3.3. Mott-Schottky analysis

Generally, more detailed evidence regarding the

nature of passive films was obtained using Mott—
Schottky analysis. Fig. 5 represents the Mott-
Schottky plots for passive films formed on AISI
410 stainless steel in the simulated concrete pore
solution with and without NaCl addition.
All plots showed two regions with the positive
slope (except in the simulated concrete pore
solution with 3.0 and 4.0 wt% NaCl), in which
a linear relationship between C2and E could be
observed. These plots demonstrated that passive
films formed on AISI 410 stainless steel showed
some n-type semiconducting behavior, where
the oxygen vacancies and interstitials were
preponderated over the cation vacancies.

37

60E409 7+ AISIA10- [0.1MNeOH + QIMKOH) s
o AISI410 - {0.1MNeOH + 01MKOH)+ 1.0% NeG Leles””
z AISI 410 - [0.1M NeOH + 0.1M KOH) + 2.0% NeQ o .02
.
soE0o | *ASI410- DAMNeOH + QIMKOH)+ 3.0% NeQ e
+ AISI410- 0.AMNeOH + QIMKOH)+ 40%NeC, ¢ * o °
e
Lelae
2o
40E:09 R L
i £ e
5 Iz
o rE
g 30809 No o s
oo
(3 P A L A e
p o ox T T x g x ¥
20€:09 S0y
fosi ' svens
PR R R S
/o ‘e
Ayt
10E:09 ,g T
00€+00 : : + : +
06 905 04 03 02 01 00 o1 02 03
E/Vagnsa

Fig.5. Mott-Schottky plots of passive film formed on
AISI 410 stainless steel in 0.1 M NaOH + 0.1 M KOH
solution with and without NaCl addition.

It has been reported the first and second slopes

correlated with Fe?" are located in the tetrahedral
and octahedral sites of a spinel type structure,
respectively ?. Generally, it has been shown that
Mott-Schottky plots obtained for bulk metal oxides
like Fe,O, show no breakdown of linearity, and the
n-type semiconducting behavior is correlated with
the presence of Fe?* ions that act as donor levels
%), However, for passive films formed on pure iron
or stainless steels, the origin of the two slopes has
been observed in the passive region 2% 27,
As can be seen in Fig. 5, capacitances were clearly
increased with the increase in the concentration of
chloride ions. According to Eq. (1), donor density
was determined from the positive slope *'¥:

1 2 T
—=— E—EFB—kB;
Cs. ¢€geN, q

(1

where e is the electron charge, N, represents the
donor density for n—type semiconductors (cm™), €
stands for the dielectric constant of the passive film
(usually taken as 15.6 for stainless steels), €, denotes
the vacuum permittivity, and k, T, and E_, are the
Boltzmann constant, absolute temperature, and flat
band potential, respectively *'9.

Fig. 6 displays the calculated donor density of
passive films formed on AISI 410 stainless steel in the
simulated concrete pore solution with and without NaCl
addition. These values were correlated with densities
close to the stainless steel/passive film interface,
where the concentrations of oxygen vacancies and
metal interstitials were predicted to be the highest. It
was observed that N was increased with increasing
chloride ions concentration. Indeed,the addition
of chloride ions to the simulated concrete pore
solution increased the incorporation of chloride
ions into the passive film, by which the additional
charge carriers were generated 2.
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Fig.6. Variations of the donor densities of passive films
formed on AISI 410 stainless steel in 0.1 M NaOH +

0.1 M KOH solution with and without NaCl addition.

Point defect Model (PDM) postulates that point
defects present in the passive film are, in general,

cation vacancies (yZ ), oxygen vacancies (p; ),

and cation interstitials (a7 ). In this study, the
dominant point defects were oxygen vacancies and
cation interstitials acting as electron donors at the
passive film/solution interface > !9. Therefore, in the
concentrated solutions, the chloride ions (CI") could
be absorbed into the oxygen vacancies 2% 2:

V;+Cl~.nH,0 — CI, + nH,0 @)

where CI, is a chloride ion occupying an oxygen lattice
site. This reaction allowed the generation of cation
vacancy/oxygen vacancy pairs at the passive film/
solution interface through the Schottky-pair reaction:

Null -V + (%}VO" @

It became clear that chloride ion absorption led to
the generation of cation vacancies at the passive film/
solution interface, thereby resulting in the flux of cation
vacancies across the passive film to the passive film/
metal interface. The cation vacancies were annihilated
at the metal/passive film interface by emitting cations
from the metal into the passive film as follows:

m+Vi—>M, +V, + ye 3)

where m is a metal atom, M, is a metal cation in a
cation site and V_is a vacancy in the metal phase. It
can be understood that if this annihilation reaction can
not consume the cation vacancies arrived, the excess
vacancies will be condensed at the metal/passive film
interface. As the vacancy condensate grows to a critical
size, it will successively result in the formation of
voids at the metal/film interface. Generally, the cation
vacancies and cation interstitials experience anion-
catalyzed reaction processes which may cause not
only the formation of interfacial void and the ensuing
rupture of local film, but also the local thinning of the
passive film. It should be noted that both the voiding
process at the metal/passive film interface and the

38

International Journal of ISSI, Vol.11 (2014), No.1

thinning process at the passive film may take place
simultaneously, and they are responsible for the local
depassivation and the initiation of the pitting corrosion
on the less resistive sites of the passive film 2529,

The local depassivated sites may grow as stable
pits or they may be repassivated as metastable pits,
depending on the key environmental parameters
(especially chloride ions concentration) 2% 29,
Therefore, with increasing the chloride ions
concentration, N was increased in the passive film
(Fig. 6), whereas the number of absorbed anions could
become larger through promoting the reaction Eq.
(1). It is believed that the reaction rates of the anion-
catalyzed reactions (Egs. (1) to (3)) are accelerated by
the increase of N | in the passive film. Subsequently, the
voiding and/or thinning processes may be enhanced to
deteriorate the stability of the passive film. Therefore,
the pitting susceptibility of AISI 410 stainless steel in
the simulated concrete pore was increased with the
chloride ions concentration, as characterized by the
E values in Fig. 4(b).

pitting

3.4. EIS measurements

Fig. 7 presents the Nyquist and Bode plots of
AISI 410 stainless steel in the simulated concrete
pore solution with and without NaCl addition.
As shown in Nyquist and Bode plots (Figs. 7a
and 7b), the overall impedance (especially in the
low frequency domain) was decrecased with the
increase in the concentration of chloride ions.
As shown in Bode phase plots (Fig. 7c¢), the
phase angle maxima was lower than 90°. Such a
behavior can be explained as a deviation from the
ideal capacitor behavior. Also, these plots do not
show one time constant. Similar Nyquist and Bode
plots with two times constant have been observed
for other stainless steels in the simulated concrete
pore 339, Therefore, the equivalent circuit shown
in Fig. 8 was used to simulate the measured
impedance data on AISI 410 stainless steel in the
simulated concrete pore solution with and without
NaCl addition.

It should be added that this equivalent circuit presents
two time constants. The first time constant in high
frequency (R ; and Q) reveals the information of the
passive film. Moreover, the second time constant in low
frequency (R  and Q) is correlated with the film defects
in the absence of chloride ions, and active pits and film
defects in the presence of chloride ions. Also, R, in high
frequency is the solution resistance. Fig. 9 shows the
evolution of the passive film resistance (Rpf) and charge
transfer resistance (R ) as a function of chloride ions
concentration. As shown, the passive film resistance (R )
and charge transfer resistance (R ) were decreased with
the increase in the concentration of chloride ions. Indeed,
in the absence of chloride ions, the surface films
formed on AISI 410 stainless steel in the simulated
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concrete pore showed higher passive film and charge
transfer resistance. However, in the presence of

chloride ions, an inversion of this trend was observed.
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Fig.7. Nyquist and Bode plots of AISI 410 stainless
steel in 0.1 M NaOH + 0.1 M KOH solution with
and without NaCl addition.

Fig.8. Best equivalent circuit used to model the
experimental EIS data of AISI 410 stainless steel in
0.1 M NaOH + 0.1 M KOH solution with and without
NaCl addition.
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Fig.9. Variations of the (a) passive film resistance and
(b) charge transfer resistance as a function of chloride
ions concentration.

4. Conclusions

Electrochemical behavior of AIST 410 stainless steel
in simulated concrete pore solution with and without
NaCl addition was studied in the present work.
Conclusions drawn from the study are as follows:
1. Potentiodynamic polarization curves indicated
that increasing chloride ions concentration led to
increasing the corrosion current density of AISI 410
stainless steel in the simulated concrete pore solution.
2. The decrease of corrosion and pitting potentials
of AISI 410 stainless steel in the simulated concrete
pore solution was observed when the concentration of
chloride ions was increased.

3. Mott—Schottky analysis demonstrated that the
passive films formed on AISI 410 stainless steel
showed the n-type semiconducting behavior, where the
oxygen vacancies and interstitials were preponderated
over the cation vacancies.

4. Also, the Mott—Schottky results showed that donor
densities obtained from the Mott—Schottky plots were
in the range of 10%° cm™ and they were increased with
increasing chloride ions concentration.

5. EIS revealed that in the absence of chloride ions,
the surface films formed on AISI 410 stainless steel
in the simulated concrete pore showed higher passive
film and charge transfer resistance. However, in the
presence of chloride ions, an inversion of this trend
was observed.
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