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Abstract The passivity of AISI 316L stainless steel

(AISI 316L) in 0.05 M H2SO4, in the steady-state condi-

tion, has been explored using various electrochemical

techniques, including potentiostatic polarization, electro-

chemical impedance spectroscopy (EIS), and Mott–Scho-

ttky analysis. Based on the Mott–Schottky analysis in

conjunction with the point defect model (PDM), it was

shown that the calculated donor density decreases expo-

nentially with increasing passive film formation potential.

The thickness of the barrier layer was increased linearly

with the film formation potential. These observations were

consistent with the predictions of the PDM, noting that the

point defects within the barrier layer of the passive film are

metal interstitials, oxygen vacancies, or both. Also no

evidence for p-type behavior was obtained, indicating that

cation vacancies do not have any significant population

density in the passive film.

Keywords PDM � Passive film � EIS �
Formation potential � Stainless steel

1 Introduction

The passive films formed on stainless steels are known to

exhibit semiconducting properties, because of their non-

stoichiometric nature. Depending on the predominant

defects present in the passive oxide layer on stainless

steels, either p-type or n-type behaviors are observed. The

passive oxide films with a deficiency in metal ions or

excess with cation vacancies generally behave as p-type.

Similarly, n-type is developed in the passive films either by

excess cation in interstitial sites or anion vacancies. Mott–

Schottky analysis has been shown to be an important

in situ method for investigation of the semiconductor

properties of passive films [1–5]. Compared with many

theories describing the passive state qualitatively, the PDM

[6–10] provides a microscopic description of the growth

and breakdown of the passive film, as well as an analytical

expression for the flux and concentration of vacancies

within the passive film. Therefore this model can also

provide an opportunity for quantitative analysis of the

passive film. The PDM is based on the migration of point

defects under the influence of electrostatic field within the

passive film. Because the passive film grows into the metal

by the generation of oxygen vacancies at the metal/passive

film interface, and by their annihilation at the passive film/

solution interface, the transport properties and spatial dis-

tribution of oxygen vacancies or metal cations within the

passive film are of the great interest.

A key parameter in describing the transport of point

defects and hence the kinetics of passive film growth is the

diffusivity of the point defects. Inspite of relatively

extensive works published on the passive films, there

seems to be lack of study on the density and diffusivity of

point defects in the passive films formed on stainless steels

in acidic solutions. In this work, EIS and Mott–Schottky

analysis of AISI 316L have been performed. The ultimate

goal of this study is to model experimental data within the

PDM. This work includes determination of the passive

region for AISI 316L in 0.05 M H2SO4, measurement of

steady-state current for the region of passive film forma-

tion, determination of the semiconductor character, and

estimation of the dopant levels in the passive film, as well
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as the estimation of the film thickness as a function of the

formation potential.

2 Experimental procedures

Specimens were fabricated from 1 cm diameter rods of

AISI 316L with the chemical composition (wt%): Cr 17.5,

Ni 13.4, Mo 2.32, Mn 1.4, Si 0.47, C 0.04, S 0.003, and

balance Fe. The samples were placed in stainless steel

sacks and annealed in inert environment (Ar gas) to elim-

inate the cold work effect due to cutting process. The

annealing was preformed at 1050 �C for 90 min followed

by water quenching. All samples were ground to 1200 grit

and cleaned by ethanol and deionized water prior to tests.

A three-electrode cell featuring a Pt counter electrode and a

saturated calomel electrode (SCE) was employed. All the

potential values in the text are relative to the SCE. The

solution (0.05 M H2SO4) was prepared from analytical

grade 97% H2SO4 and distilled water. Before potentiostatic

film growth, the electrode was held at -1.2 V for 5 min to

remove the native oxide film.

All electrochemical measurements were obtained using

a PARSTAT 2273 advanced electrochemical system at

ambient temperature (23–25 �C). A polarization curve was

obtained at a potential scan rate of 1 mV/s. Four potentials

within the passive region were chosen for potentiostatic

film growth and EIS measurements, 0, 0.2, 0.4, and 0.6 V.

Films were gown at each potential for 1 h to insure that the

system was in steady-state. After each film growth period,

EIS measurements were performed. The frequency was

scanned between 0.01 Hz and 100 kHz and with an exci-

tation potential of 10 mV (peak-to-peak). Mott–Schottky

experiments were done by measuring the frequency

response at 1 kHz during a 25 mV/s negative potential

scan from 0.6 to 0.0 V.

3 Results and discussion

3.1 Polarization measurement

Figure 1 shows the potentiodynamic curve for the AISI

316L electrode in 0.05 M H2SO4. From the polarization

curve, the passive range was determined to be from -0.1 to

0.7 V. It was observed that before the electrode was

transferred to a passive state an active current peak

occurred at around -0.15 V, which could be attributed to

the oxidation of Fe2? to Fe3? ions in the passive film

[11, 12].

During the formation of the oxide films on working

electrode, the evolution of the current density measured

during the application of different potentials (0, 0.2, 0.4,

and 0.6 V) in the passive domain was recorded. Figure 2a

displays the potentiostatic polarization curves for the AISI

316L in 0.05 M H2SO4 at selected formation potentials. It

was observed that the current density diminishes with time
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Fig. 1 Polarization curve of AISI 316L in 0.05 M H2SO4 in the

anodic direction at 1 mV/s
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Fig. 2 a Potentiostatic polarization curves of AISI 316L in 0.05 M

H2SO4, and b Steady-state passive current density obtained during the

potentiostatic growth of the passive films; at different film formation

potentials for 1 h
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until a constant value is reached and a steady-state is

established. Figure 2b shows the values of the steady-

state passive current density (iss) versus the formation

potential. The steady-state current density is approximately

6.8 lA cm-2.

3.2 EIS measurements

The impedance spectra were measured at selected poten-

tials in the passive film formation region. Nyquist plots, in

which the imaginary component of the impedance is plot-

ted against the real component as a function of frequency,

are shown in Fig. 3. As predicted by PDM, the complex

plane plot in the low frequency region is a straight line and

is insensitive to the formation potential. The constant phase

nature of the impedance at low frequencies is a conse-

quence of defect transport in the oxide film being mainly

due to migration under the influence of the electric field.

The lack of sensitivity of the impedance locus to the

applied formation potential is a manifestation of the elec-

tric field strength in the barrier layer being insensitive to

the applied potential, which is one of the fundamental

postulates underlying the PDM [13]. This ensures that the

driving force for the transport of defects across the barrier

layer is independent of the applied potential. Physically,

the constant, field strength independent from applied

potential is attributed to the buffering effect of Esaki (band-

to-band) tunneling of electrons and holes in the barrier

layer [13–15].

3.3 Mott–Schottky analysis

Mott–Schottky analysis has been employed to determine

the semiconductor type and dopant density of the passive

film. The equations for Mott–Schottky analysis are

[13, 16]:

1

C2
SC

¼ 2

ee0eND

E�EFB�
kBT

q

� �
for n-type semiconductor

ð1Þ
1

C2
SC

¼� 2

ee0eNA

E�EFB�
kBT

q

� �
for p-type semiconductor

ð2Þ

where e is the electron charge, ND and NA are the donor and

acceptor density (cm-3), e is the dielectric constant of the

passive film (e = 12 [13, 17–19]), e0 is the vacuum

permittivity (8.854 9 10-14 F/cm), KB is the Boltzmann

constant (1.38 9 10-23 J/K), T is the absolute temperature,

and EFB is the flat band potential. The interfacial

capacitance, C, is obtained from [15]:

C ¼ � 1

xZimg

ð3Þ

where Zimg is the imaginary component of the impedance

and x = 2pf is the angular frequency. Assuming that the

capacitance of the double layer can be neglected, the

measured capacitance C is equal to the space charge

capacitance, CSC. Neglecting the double layer capacitance

requires that the space charge capacitance be at least 1–2

orders lower than the specific double layer capacitance and

must be significantly higher than the parallel geometric

capacitance for this assumption to be valid [18, 20].

Figure 4 represents C-2 versus potential plots for a

passive film formed on AISI 316L in 0.05 M H2SO4 at

selected formation potentials. Figure 4 displays positive

slopes, indicative that n-type semiconductor behavior

exists at all formation potentials. From the linear part of the
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Fig. 3 Nyquist plot for AISI 316L in 0.05 M H2SO4 measured at

different film formation potential
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Fig. 4 Mott–Schottky plots of C-2 as a function of potential for
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0.6 V in 0.05 M H2SO4
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slopes a donor density can be estimated. The dopant den-

sity calculated with this method indicates the density close

to the alloy/passive film interface, where the concentrations

of oxygen vacancies and metal interstitials are predicted to

be the highest.

Figure 5 displays the donor density as a function of the

formation potential. Similar values for the donor density

have been observed, and the tendency of the donor density

to decrease with increasing potential has been reported by

Sikora and Macdonald [1, 6, 21]. Other studies have shown

that the relationship between donor density and the for-

mation potential can be developed theoretically on the

basis of the PDM [21–23].

According to the PDM, the flux of oxygen vacancy

through the passive film is essential to the film growth

process, which supports the existence of oxygen vacancy in

the film regardless of its concentration. In this concept, the

dominant point defects in the passive film are considered to

be oxygen vacancies and/or cation interstitials acting as

electron donors. However, as it is impossible to separate

the contribution of oxygen vacancies and cation interstitials

on the measured diffusivity value based on the PDM, the

diffusivity is considered to be dependent on the combina-

tion effects of these two-point defects [24].

This theoretical relationship yields a good fit to the

experimental results, and allows the diffusivity of defects

in the passive film to be calculated. The relevant equation

describing the dependency of the donor density on the

formation potential is shown as Eq. 4, where x1, x2, and b

are unknown constants that are to be determined from the

experimental data [21, 22]:

ND ¼ x1 expðbEÞ þ x2 ð4Þ

Based on the nonlinear fitting of the experimental data

by the software, the exponential relationship between the

donor density and the formation potential is derived as:

ND ¼ 0:9658� 1021 expð�5:1021EÞ þ 2:4782

� 1021ðcm�3Þ ð5Þ

The diffusion coefficient can be calculated from Eq. 6 as

follows [21, 22]:

D0 ¼
J0

2Kx2

¼ J0RT

2Fx2k
ð6Þ

J0 ¼ �
iss

2e
ð7Þ

where K ¼ kF
RT, k represents the electric field strength of the

passive film, and iss is determined from the Fig. 2. The k was

determined to be approximately 1.02 9 106 V/cm by

Smialowska and Kozlowski [24] for the passive film grown

on iron. Therefore, it is assumed that the value of k for the

passive film on AISI 316L in 0.05 M H2SO4 to be

approximately 106 V/cm. Substitution of iss (6.8 9 10-6

A cm-2), e (-1.602 9 10-19 C), k (106 V/cm), x2

(2.4782 9 1021 cm-3), R (8.314 J/mol K), T (298 K), and F

(96500 C mol/e) into Eqs. 6 and 7 yields D0 = 1.1 9

10-17 cm2/s. Taking into account the error caused by the

assumption of k in Eq. 6, the diffusion coefficient of defects

in the passive film formed on AISI 316L in 0.05 M H2SO4 is

estimated to be in the range of 10-17–10-16 cm2/s, which is

in the order of the results reported for diffusion coefficient of

defects in the passive film on carbon steel in borate solution

at room temperature [25, 26].

Figure 6 shows a linear relationship between the steady-

state film thickness (Lss) and the formation potential. This

relationship between the steady-state film thickness and the

formation potential has been reported by Macdonald et al.

[8–10, 13]. The film thickness was calculated from the

capacitance measured at 1 kHz after each 1 h constant

potential growth. It is assumed that, at this frequency, the

electrochemical impedance is largely capacitive in nature,
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with the measured capacitance being almost independent of

frequency. The parallel plate expression was used for cal-

culating the steady-state film thickness from the measured

capacitance [1, 21]:

Lss ¼
ee0

C
ð8Þ

The calculated thickness ranges from about 1.3 nm at

0.0 V to 2.2 nm at 0.6 V. These values of the thickness are

considered to be eminently realistic [8–10, 13, 27].

According to the PDM, the steady-state passive current

density may be used to calculate the general corrosion rate

using the formula [13]:

dL

dt
¼

�M

�zFq
iss ð9Þ

where �M and �z are the composition-averaged atomic

weight and oxidation number, respectively and q is the

density of the steel. Noting that

�M ¼ vFeMFe þ vCrMCr þ vNiMNi þ vMoMMo ð10Þ

and

�z ¼ vFezFe þ vCrzCr þ vNizNi þ vMozMo ð11Þ

where vi is the atomic fraction, Mi is the atomic weight, and

zi is the oxidation number of element i in the steel, then the

rate of penetration of general corrosion is readily calculated

[13]. Thus, taking a generic AISI 316L as having a com-

position of 66.78 wt% Fe, 17.5 wt% Cr, 13.4 wt% Ni, and

2.32 wt% Mo, it is obtained that vFe, vCr, vNi, vMo are

0.6699, 0.1885, 0.1275, 0.0134, respectively. The compo-

sition-averaged atomic weight of the steel, as calculated

from Eq. 10, is 56.125 g. Likewise, noting that zFe, zCr, zNi,

and zMo are 2, 3, 2, and 6, respectively, the composition-

averaged oxidation number is found from Eq. 11 to be

2.2407. Taking the density of AISI 316L as 7.99 g/cm3, the

corrosion rate calculated from Eq. 9 corresponding to a

steady-state passive current density of 10-6 A/cm2 (Fig. 2)

is 3.248 9 10-11 cm/s or 10.242 lm/year. This corre-

sponds to approximately 1 mm corrosion penetration in

100 years service.

4 Conclusions

Potentiodynamic polarization studies demonstrate that

AISI 316L displays a wide passive range in 0.05 M H2SO4

at ambient temperature. Potentiostatic polarization tests

revealed that the steady-state current density through the

passive film formed on AISI 316L for 1 h was independent

of formation potential, which is well consistent with the

postulation of the PDM. Based on the Mott–Schottky

analysis, it was shown that the calculated donor density

decreases exponentially with increasing formation poten-

tial and the thickness of the barrier layer increases linearly

with the formation potential. The experimental data were

interpreted in terms of the PDM for the passivity of AISI

316L in 0.05 M H2SO4, assuming that the donors are

defects including oxygen vacancies and cation interstitials.

The calculated diffusivity of defect was in the range of

10-17–10-16 cm2/s.
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