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EIS polarization results showed that the corrosion micies of AlSI
p-type semiconductor 316L shift towards positive direction with increase solution
N-type semiconductor concentration. Also, these results revealed tletdmrosion rate of

Mott=Schottky AISI 316L is enhanced in solutions with higher igitcontent.

Mott—Schottky analysis revealed that passive filbehave as p-
type and n-type semiconductors at potentials belod above the
flat band potential, respectively. Also, Mott—Sakgt analysis
indicated that the donor and acceptor densitieseased with
solution concentration. EIS data showed that thévatent circuit
Rs((RQa)(R:Q)) by two time constants is applicable. Moreover,
EIS results revealed that charge transfer resistand passive film
resistance decrease with solution concentration.

often observed on the surfaces of the passive
metals [1-4].

AISI 316L stainless steel is used extensively in Mott-Schottky analysis has been extensively
chemical and petroleum industries because ofused to study the semiconducting properties of
its good compromise between corrosion passive films, such as the those formed on steels
resistance, mechanical properties, andand stainless steels. Passivity of stainless steel
economic advantages. Generally, the higherusually attributed to the formation on the metal
corrosion resistance of stainless steel is due tcsurface of a mixture of iron and chromium oxide
the presence of passive films formed on the film with semiconducting behavior [5].

surface. The passive films of metals are mainly It is well known that an increase in solution
made up of metallic oxides or hydroxides concentration has significantly detrimental
which are envisaged as semiconductors.effects on the corrosion properties of stainless
Consequently, semiconducting properties aresteels. Ningshen et al. [6] reported that

1. Introduction
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concentration has a significant effect on the Moreover, the explanation on these phenomena
corrosion resistance of the passive film formedin terms of the electronic properties of the
on three indigenous nitric acid grade (NAG) passive film has remained obscure. The aim of
type 304L stainless steel (SS), and two this study was to investigate the influence of
commercial NAG SS designated as Uranus-16solution concentration on the electrochemical
similar to 304L composition and Uranus-65 behavior of AISI 316L using the
similar to type 310L SS in 6 N and 11.5 N potentiodynamic polarization and Mott-
HNO; media. The results in 6 N HNGhow  Schottky analysis and EIS techniques.
that the indigenous NAG 304L SS and Uranus-
65 alloy exhibited similar and higher corrosion 2. Experimental
resistance with lower passive current density 2. 1. Material and solutions
compared to Uranus-16 alloy. In higher Specimens were fabricated from AISI 316L
concentration of 11.5 N HNQ transpassive with the chemical composition (%, wt.): 17.5
potential of all the NAG SS shows a similar Cr, 13.4 Ni, 2.32 Mo, 1.4 Mn, 0.47 Si, 0.03 P,
range, except for Uranus-16 alloy [6]. 0.003 S, 0.03 C. All samples were polished up

In another study by Ningshen et al. [7], the to 1200 grit and mounted by cold curing epoxy
potentiodynamic anodic polarization results resin. The samples were then degreased with
revealed no significant change in the corrosion acetone, rinsed in distilled water and dried with
potential even with increase in nitric acid air just before each test. Aerated nitric acidic
concentration in the presence of oxidizing ions. solutions with three different concentrations
Also, in this study, the passive film stability (0.3, 0.6, and 0.9M HNg§were used as the test
measured by EIS revealed faster passive filmsolutions. All solutions were made from
dissolution as indicated by low film analytical grade of nitric acid mixed with
polarization resistance, with increase in nitric water. Tests were carried out at 25€1
acid concentration [7].

For 304L stainless steel in nitric acid medium, 2. 2. Electrochemical measurements
Padhy et al. [8] found that passive film consists Electrochemical measurements were performed
of platelet-like structures with a moire” pattern in a conventional three-electrode cell under
at lower concentrations (0.1, 0.5 M); at higher aerated conditions. The counter electrode was a
concentrations (0.6, 1 M), the platelet-like Pt plate, while the reference electrode was
structures disappear, revealing the grain Ag/AgCl saturated in KCI. Electrochemical
boundary structure. Also, Padhy et al. [9] found measurements were obtained by using an
that variation in passive film morphology Autolab potentiostat/galvanostat system.
occurs depending upon the concentration and Prior to the electrochemical measurements,
the time of immersion. In situ surface working electrodes were immersed at OCP for
morphological investigation showed formation 900 seconds to form a steady-state passive film.
of platelet-like  structures at lower Potentiodynamic polarization curves were
concentrations (0.1 M, 0.5 M), and towards measured potentiodynamically at a scan rate of
higher concentration (0.6 M, 1M) the platelet- 1 mV/s starting from -0.25 Magci (VS. Eor) t0
like structures got agglomerated, homogenized1.1 Vagage. The impedance spectra were
and started depleting from the surface leadingmeasured in a frequency range of 100 kHz —10
to opening up of oxide boundaries. mHz at an AC amplitude of 10 mV (rms). The
Compositional analysis of the passive film validation of the impedance spectra was
revealed duplex nature at lower concentrationperformed by checking the linearity condition,
consisting of hydroxide and oxide layer, and i.e. measuring spectra at AC signal amplitudes
with increasing concentration the oxide layer between 5 and 15 mV (rms). Each
predominates over the surface [9]. electrochemical measurement was repeated at

As mentioned above, the change in the |east three times. For the EIS data modeling
composition and structure of the passive film and curve-fitting method, NOVA impedance
was found to be responsible for the variation in software was usedMott-Schottky analyses
the corrosion resistance of stainless steels.
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Fig. 2. Potentiodynamic polarization curves for AISI 31iBLHNO; solutions

were carried out on passive films at a frequency
of 1 kHz using a 10 mV ac signal, and a step 3. 2. Potentiodynamic polarization

rate of 25 mV in the cathodic direction. Fig. 2 shows the potentiodynamic polarization
curves of AISI 316L in HN@ solutions with

3. Results and Discussion different concentrations. For all concentrations,

3. 1. OCP measur ements it is observed that before the electrode surface

In Fig. 1, changes on OCP of AISI 316L in is transferred to a passive state, an active
HNO; solutions with different concentrations current peak occurs, which could be related to
are shown. At the start of immersion, the the oxidation of F&€ to F€"ions in the passive
potential immediately reduces which shows the film [11, 12].

dissolution of the oxide layer for all solutions. The corrosion potential and corrosion current
However, as time passes, the open circuitdensity at different concentrations of HNO
potential is directed towards positive amount. solutions for AISI 316L are shown in Fig. 3.
This trend is also reported for austenitic The corrosion current density was obtained by
stainless steels in acidic solutions, indicating Tafel extrapolation method because: (1) the
the formation of passive film and its role in branch of the polarization curve is under
increasing protectivity with time [10]. Fig. 1 activation control, (2) corrosion is uniform
also indicates that within 900 seconds, a(general), (3) there is a well-defined Tafel
complete stable condition is achieved andregion, and (4) changes in the electrode
electrochemical tests are possible. potential do not induce additional electrode
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Fig. 3. Corrosion potential and corrosion current densitjl®l 316L in HNG; solutions

reactions [13]. It is observed from Fig. 3 that was correlated with its semiconducting
the corrosion potentials shift towards positive properties, which could be measured by the
direction with increase in the solution Mott—Schottky analysis in high frequency
concentration. Also, the results show that the domain. According to the Mott—Schottky
corrosion current density increases with analysis, the space charge capacitances of
increase in the concentration of HMNO n-type and p-type semiconductor were given by

solutions. the following Mott—Schottky relationships (1)
and (2), assuming that the capacitance of the
3. 3. Mott-Schottky analysis Helmholtz layer could be neglected [14-16]:
The corrosion resistance of the passive film
1 2 kT .
— = E-Epg— for n-type semiconductor 1
o ssoeND[ FB ej yp (1]
1 2 KT .
— == E-Epg— for n-t duct 2
o2~ eegeNa [ FB g J or n-type semiconductor [2]

wheree is the electron charg®|, is the donor  316L in HNG; solutions. Firstly, it should be
density for n—type semiconductor (€ N, is noted that for all concentration, capacitances
the acceptor density for p—type semiconductorclearly increase with solution concentration.
(cm™), ¢ is the dielectric constant of the passive Secondly, there are three potential regions
film (usually taken as 15.6 [14-16]) is the  where C changes linearly with the electrode
vacuum permittivity, k is the Boltzmann potential, which is characteristic  of
constant,T is the absolute temperature &g semiconductors. The conductivity type of
is the flat band potential. semiconductor appears obviously according to
Fig. 4 shows the Mott-Schottky plots of AISI the slope sign of these curves. In the electrode
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Fig. 4. Mott-Schottky plots of AlSI 316L in HNgsolutions

potential in region |, the oxide films behave as interface. Thus, Mott-Schottky analysis shows
p-type semiconductors since the slopes arethat the passive films formed on this stainless
negative. steel behave as p-type and n-type
As it is shown in Fig. 4 and the literature semiconductors above and below the flat band
[5, 17-20], the oxide films on stainless steels potential, respectively. This behavior implies
show Fe enrichment near the outer surface, andhat the passive films have a duplex structure,
Cr enrichment near the metal/oxide interface. which would not have been realized if the
The capacitance response below ~ -0.03measurements were restricted to only anodic
Vagiager Can be attributed to the chromium potentials. Early studies of the bipolar duplex
oxides, in which the Gf cation vacancies are structures of passive films on stainless steels
the main acceptor species and the predominantvere carried out by Sato [21], and followed by
ionic current carriers. In region Il, the oxide Ferreira et al., and Oguzie et al. [22, 23]. It has
films behave as n-type semiconductors due tobeen well established that the inner part of the
the positive slopes. The capacitance responsepassive film, which has a p-type behavior,
can be ascribed to the iron oxides, especiallyconsists mainly of Cr oxides, while the outer
FeOs in which F&" species or oxygen region, with an n-type behavior, predominantly
vacancies are the predominant donors. Finally,consists of Fe oxides [24].
the negative slopes in region lll are attributed According to Eq. (1), donor density has been
to p-type behavior, with a peak at around 0.67 determined from the positive slopes in region Il
Vagingel (€Xcept 0.56 Wyager for 0.3 M). This of Fig. 4. Also, the acceptor density has been
feature is usually explained in terms of a strong calculated from the negative slopes in region Il
dependence of the Faradaic current on potentiabf Fig. 4, according to Eq. (2). Fig. 5 shows the
in the transpassive region. In this regard, thecalculated donor and acceptor densities for the
behavior of capacitance at high potentials nearpassive films formed on AISI 316L in HNO
the transpassive region would be attributed tosolutions. The orders of magnitude are around
the development of an inversion layer as a10* cm® and are comparable to those reported
result of increasing concentration in the valencein other studies [5]. According to Fig. 5, the

band [17-20]. donor and acceptor densities increase with
As can be seen in Fig. 4, there is a potentialsolution concentration, respectively. Changes
zone (i.e., from about -0.03 to 0.02xgMgci) in donor and acceptor densities correspond to

between the p-type and n-type semiconductivethe non-stoichiometry defects in the passive
regions, where the electronic band structures offilm.

the oxide films are in the flat band conditions.

The charge transfer in turn governs these3. 4. EIS measurements

positions across the semiconductor/electrolyteFig. 6 presents bode modulus plots obtained for
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Fig. 6. Bode modulus plots of AISI 316L in HNGolutions

the AISI 316L at OCP after 900 seconds AISI 316L in HNG; solutions. This equivalent
immersion in HNQ solutions. As can be seen circuit has been reported as excellent to
from Fig. 6, bode modulus plots in three model the passivation of stainless steels in
solutions show the same behavior. It should beacidic media [25]. This circuit presents two
noted that for three concentration, impedancetime constants. The interpretation suggested
Z)( clearly decreases with solution concentration. for the circuit elements is the following one:
The equivalent circuit shown in Fig. 7 was used the high frequencies (R charge transfer
to simulate the measured impedance data orresistance, @ double layer constant phase
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Fig. 7. The best equivalent circuit used to model the erpmtal EIS data
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Fig. 8. The fitting results of bode modulus plots of ABI6L in HNG; solutions
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element) time constant can be associated withsolutions. As can be seen from this figure, the

the charge transfer process and the lowpolarization resistance (= R+ R) in three

frequencies (R passive film resistance, Q solutions decreases with solution concentration.

passive film constant phase element) time

constant can be correlated with the passive film4. Conclusions

formation. Semiconducting properties of passive films
As it is shown in Fig. 8, this equivalent circuit formed on AISI 316L in HN® solutions were

was provided best fitting for the impedance investigated in the present workonclusions
data. Fig. 9 shows the variation of charge drawn from the study are as follows

transfer resistance and passive film resistancel. The polarization curves suggested that AISI 316L
for AISI 316L in 0.3, 0.6 and 0.9M HNQO showed excellent passive behavior in nitric
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