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a b s t r a c t

The passivity of Type 316 SS in borate buffer solution (pH 8.35), in the steady-state, has been explored
using a variety of electrochemical techniques, including potentiostatic polarization, Mott Schottky anal-
ysis, and electrochemical impedance spectroscopy. The study shows that the passive film is an n-type
semiconductor with a donor density that is essentially independent of voltage across the passive state.
The passive current density is also found to be voltage-independent, but the thickness of the barrier layer
depends linearly on the applied voltage. These observations are consistent with the predictions of the
Point Defect Model, noting that the point defects within the barrier layer of the passive film are metal
interstitials or oxygen vacancies, or both. No evidence for p-type behavior was obtained, indicating that
cation vacancies do not have a significant population density in the film compared with the two donors
(cation interstitials and oxygen vacancies).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Type 316L SS is a corrosion resistant alloy in its own right, for
which a great deal of data exists. Accordingly, in many respects it
is an ideal material for testing various models for the passive state
and it is for this purpose that the current study was performed.

In this paper, electrochemical impedance spectroscopic (EIS)
and Mott–Schottky (M–S) analysis of Type 316L SS have been per-
formed. The ultimate goal of the study is to model experimental
data within the point defect model and extract parameters that
would enable us to predict corrosion damage under any given set
of conditions. This report includes determination of the passive re-
gion for 316L SS in 0.2 M borate buffer (pH 8.35), measurement of
steady state current for the region of passive film formation, vali-
dation of the electrochemical impedance data using the Kra-
mers–Kronig transforms, determination of the semiconductor
character and estimation of the dopant levels in the passive film,
and estimation of the film thickness as a function of the formation
potential. A more comprehensive analysis of the impedance data
by optimization of the Point Defect Model will be published at a la-
ter date in Part II of this series.
2. Experimental

Electrochemical experiments were carried out on an EG&G flat
cell. The working electrode was 3/800 diameter 316L stainless steel
ll rights reserved.

: +1 814 863 4718.
(McMaster-Carr) cylinder mounted in resin with 0.385 cm2 ex-
posed to solution. The electrode surface was polished to a mirror
finish with 1200 SiC paper and then further polished with 1 lm
and 0.3 lm alumina. After polishing, the electrode was sonicated
for 20 min in deionized water (18 MX cm�1, mili-Q) and then
rinsed with copious amounts of water to remove any alumina. A
borate buffer solution was made from 0.2 M boric acid (Alfa-Aesar,
99.99%) and 3 M sodium hydroxide (Aldrich, 99.99%). The sodium
hydroxide solution was added dropwise to the boric acid solution,
while vigorously stirring, until a pH of 8.35 was achieved. Prior to
the experiment, the solution was purged with ultrahigh pure argon
(UHP, 99.999%) for two hours and during the experiment a slow
flow of argon was maintained. Before potentiostatic film growth,
the electrode was held at �1VSCE for 10 min to remove the native
oxide film.

All electrochemical experiments were performed using a Solar-
tron 1287 Electrochemical Interface and a Solartron1280 Fre-
quency Response Analyzer. A polarization curve was obtained at
a potential scan rate of 2 mV/s. Potentiostatic film growth was
performed for 24 h to ensure that steady state was achieved. After
each film growth period, electrochemical impedance measure-
ments were performed. The frequency was scanned between
0.01 Hz and 100 kHz and with an excitation voltage of 10 mV
(peak-to-peak). The electrochemical impedance data were col-
lected for both the ascending and the descending potential direc-
tions. The Reference electrode in all experiments was a saturated
calomel electrode (SCE) equipped with a double junction and a
Luggin probe. Mott–Schottky experiments were done by measur-
ing the frequency response at 500 Hz during a 50 mV/s negative
potential scan from the formation potential to �0.64VSCE. This
method ensures that the defect concentrations and the film
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Fig. 2. Steady state (potentiostatic) current density for the Type 316L SS electrode
in 0.2 M borate buffer (pH 8.35) showing the dependence on the oxide formation
potential. Measurements were done in the following order: 1st �0.2 V, 2nd �0.1 V,
3rd 0 V, 4th 0.1 V, 5th 0 V, 6th �0.1 V, 7th �0.2 V. 1st though 4th are regarded as
‘ascending’ and 5th though 7th are regarded as ‘descending’ potential direction.

-9.0E+05

-6.0E+05

-3.0E+05

0.0E+00
0.0E+00 3.0E+05 6.0E+05 9.0E+05

Z' (ohms)

Z
" 

(o
h

m
s)

-0.2V

-0.1V

0V

0.1V

Fig. 3. Nyquist plot for the Type 316L SS in 0.2 M borate buffer (pH 8.35) measured
at different oxide formation potential.
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thickness remain ‘frozen’ at their formation values while the
capacitance is being measured as a function of voltage.

3. Results and discussion

Fig. 1 shows the potentiodynamic curve for the 316L stainless
steel electrode in 0.2 M borate buffer adjusted to the pH of 8.35.
From the polarization curve, the passive range was determined
to be from �0.7 V to >0.5 V versus the SCE reference electrode.

Four potentials within the passive region were chosen for oxide
film growth and impedance analyses, �0.2 V, �0.1 V, 0 V and 0.1 V
vs. SCE. Films were gown at each potential for 24 h to insure that
the system was in steady state. Fig. 2 shows that the logarithm
of the steady state current density remains constant as a function
of the formation potential. This relationship is predicted by the
Point Defect Model (PDM), provided that the dominant defect is
an electron donor (oxygen vacancy or metal interstitial) and hence
the barrier layer of the passive film is n-type in electronic charac-
ter. We will see later in this paper that this prediction is confirmed
experimentally, thereby providing strong evidence that the PDM
provides a physico-chemically realistic description of the passive
state on this alloy. Furthermore, the fact that a steady state is ob-
served in the passive film thickness demonstrates that dissolution
of the oxide layer takes place and must be taken into account [1].
The lack of hysteresis due to the potential direction is another fea-
ture of a steady state system.

Electrochemical impedance spectra were measured at different
formation potentials in the passive region. Nyquist plots, in which
the imaginary component of the impedance is plotted 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 (a ‘constant phase’ impedance) and is
insensitive to the formation potential. The constant phase nature
of the impedance at low frequencies is a consequence of defect
transport in the oxide film being manly due to migration under
the influence of the electric field (i.e., transport occurs via migra-
tion and not diffusion). The lack of sensitivity of the impedance
locus to the applied formation potential is a manifestation of
the electric field strength in the barrier layer being insensitive
to the applied potential, which is one of the fundamental postu-
lates underlying the PDM. This ensures that the driving force
for the transport of defects across the barrier layer is independent
of the applied voltage. Physically, the constant, applied voltage-
independent field strength is attributed to the buffering effect
of Esaki (band-to-band) tunneling of electrons and holes in the
barrier layer [2,3]. Therefore, the data presented here provide
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Fig. 1. Potentiodynamic polarization curve for Type 316L stainless steel electrode in
0.2 M borate buffer adjusted to pH of 8.35. The scan rate was 2 mV/s.
strong testimony to the constant electric field strength postulate
of the PDM.

The stability of the system is crucial for the validity of EIS mea-
surements. According to the constraints of Linear Systems Theory
(LST), the steady–state interface should be independent of the
direction of the frequency scan. Nyquist and Bode plots in Fig. 4
show that there is almost no hysteresis between high-to-low and
low-to-high frequency sweeps and, therefore, confirm the validity
of the data, at least with regard to the stability constraint.

Another way to validate the data and examine the system with
respect to the linearity, causality and stability constraints of LST is
the Kramers–Kronig transforms. K–K transforms, introduced in the
1920’s by Kramers [4] and Kronig [5], describe transformations
between the real and imaginary axes of a complex number that
describes the properties of a system. Based on the assumption that
the four physical conditions of causality, stability, linearity, and
finiteness are fulfilled, the derivation of the K–K relations are a
purely mathematical result and do not reflect any other physical
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Fig. 4. Nyquist and bode plots for Type 316L SS at a potential of 0.1 V vs. SCE,
measured first by scanning frequency from high to low and then immediately after
scanning in opposite direction. The lack of hysteresis shows that the system is at
steady state.
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Fig. 5. Kramers–Kronig transforms of EIS data for the Type 316L SS in 0.2 M borate
buffer (pH 8.35) at 0 V vs. SCE. The good agreement between the experimental and
the transformed data demonstrates that the system obey the rules of the LST.
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property or condition of the system. Thus, only those experimental
data satisfying the above four conditions can be used to describe
the properties of the systems in terms of LST and hence linear mod-
els. Linearity can be assured by choosing a sufficiently small per-
turbation, as is done in the experimental determination of the
impedance function. The K–K 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 respec-
tive experimental data. Fig. 5 shows good agreement between
the set of the impedance data and corresponding K–K transforms,
demonstrating that the system satisfies the constraints of LST
[6–10].

Mott–Schottky analysis has been employed to determine the
semiconductor type and dopant density of the passive film. The
equations for M–S analysis are:

1

C2
sc

¼ � 2

êe0eNAA2 V � VFB �
kT
e

� �
p-type; ð1Þ

1

C2
sc

¼ 2

êe0eNDA2 V � VFB �
kT
e

� �
n-type; ð2Þ

where ê is the dielectric constant of the oxide film (̂e ¼ 12 [11–14]),
A is the surface area of the electrode interface (cm2), e0 is the vac-
uum permittivity, e is the charge of the electron (1.6 � 10�19 C),
NA and ND are acceptor and donor density (cm�3), and VFB is the flat-
band potential (V vs. SHE). The interfacial capacitance, C, is obtained
from

C ¼ � 1
xZ00

; ð3Þ

where Z00 is the imaginary component of the impedance and x = 2pf
is the angular frequency. Assuming that the capacitance of the dou-
ble layer can be neglected, the measured capacitance C is equal to
the space charge capacitance, Csc Neglect of the double layer capac-
itance requires that the space charge specific capacitance be at least
one to two orders lower than the specific double capacitance and
must be significantly higher than the parallel geometric capacitance
for this assumption to be valid. Insufficient data are available in the
current case to judge the validity of the assumption that the space
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Fig. 8. Donor density for the barrier layer of the passive film on Type 316L SS at
ambient temperature (23 �C) calculated from M–S plots as a function of formation
potential. In our study, films were grown for 24 h in the following order: 1st �0.2 V,
2nd �0.1 V, 3rd 0 V, 4th 0.1 V, 5th 0 V, 6th �0.1 V, 7th �0.2 V. 1st though 4th are
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charge capacitance can be reasonably approximated by the mea-
sured capacitance.

The impedance data presented in this paper are not analyzed in
the present paper, but the optimization of the Point Defect Model
on the data will be reported at a later date. Optimization will yield
numerical values for various model parameters that will enable
prediction of both steady-state and dynamic properties of the pas-
sive state on the alloy and hence will permit the prediction of tran-
sients in the passive current density and film thickness in response
to changes in the state of polarization.

Classical M–S analysis [13] also assumes that the donor density
is uniform throughout the oxide film. It has been shown (in previ-
ous studies [13,15–17]) that these assumptions usually do not
hold, thus M–S analyses in this paper should be regarded as semi
quantitative. Fig. 6 represents typical C�2 vs. V plot for a passive
film formed on Type 316L SS in 0.2 M borate buffer (pH 8.35) at
a formation voltage of 0.1VSCE and at room temperature. The
impedance was measured at a frequency of the 500 Hz, while
sweeping the potential in the negative direction from the forma-
tion potential with a scan rate of 50 mV/s. The relatively high scan
rate is employed so that, during the measurement, the thickness,
vacancy structure, and vacancy concentrations are ‘frozen’ and
only the electronic structure responds to the changing voltage.

Fig. 7 displays negative slopes, indicative that n-type semicon-
ductor behavior exists at all formation potentials. From the linear
part of the slopes a donor density can be estimated. The dopant
density calculated with this method indicates the density close
to the metal/film interface, where the concentrations of oxygen
vacancies and metal interstitials are predicted to be highest.
Fig. 8 displays the donor density as a function of the formation po-
tential, calculated for both ascending and descending film growth.
Similar values for the donor density have been observed by Ferre-
ira et al in Ref. 11, and the tendency of the donor density to de-
crease with increasing potential has been previously reported in
Refs. [12,13].

Fig. 9 shows a linear relationship between the thickness of the
oxide film and the formation potential. The film thickness was cal-
culated from the capacitance measured at 500 Hz after each 24 h
constant potential growth. It is assumed that, at this frequency,
the electrochemical impedance is largely capacitive in nature, with
the measured capacitance being almost independent of frequency.

The parallel plate expression was used for calculating the steady
state film thickness from the measured capacitance:
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Lss ¼
êe0

C
: ð4Þ

The calculated thickness ranges from about 1.9 nm at �0.2Vsce to
2.6 nm at 0.1Vsce. These values of the thickness are considered to
be eminently realistic. The slope extracted from Fig. 9 is 2.2 nm/V,
which is in good agreement with the 1.9–2.5 nm/V normally found
for oxide formation on metals and alloys at and near ambient tem-
perature [18].

The findings of this study demonstrate that the passive state on
Type 316 SS confirms to the predictions of the Point Defect Model
and hence that this model may be used to predict the general
corrosion behavior over the extended periods of time that charac-
terize high level nuclear waste repositories. In particular, the pas-
sive current density may be used to calculate the general corrosion
rate using the formula

dL
dt
¼

�M
�zFq

ip; ð5Þ

where �M and �z are the composition-averaged atomic weight and
oxidation number, respectively, q is the density of the steel, and
ip is the passive current density. Noting that

�M ¼ vFeMFe þ vCrMCr þ vNiMNi þ vMoMMo ð6Þ

and

�z ¼ vFezFe þ vCrzCr þ vNizNi þ vMozMo; ð7Þ

where vi is the atom fraction, Mi is the atomic weight, and zi is the
oxidation number of element i in the steel, then the rate of penetra-
tion of general corrosion is readily calculated. Thus, taking a generic
Type 316 L stainless steel as having a composition of 71.5 wt.% Fe,
18 wt.% Cr, 8 wt.% Ni, and 2.5 wt.% Mo, we obtain that vFe, vCr,
vNi, vMo are 0.7157, 0.1935, 0.0762, 0.0146, respectively. The com-
position averaged atomic weight of the steel, as calculated from Eq.
(6), is 55.905 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. (7) to be 2.3721. Taking the density of Type 316 SS
as 7.99 g/cm3, the corrosion rate calculated from Eq. (5) correspond-
ing to a passive current density of 10�8 A/cm2 (Fig. 2) is
3.06 � 10�13 cm/s or 0.096 lm/year. Accordingly, over a one million
year storage period, about 10 cm of steel might be expected to be
lost due to general corrosion, if the conditions corresponded to
those assumed in this calculation.

4. Summary and conclusions

Potentiodynamic polarization studies demonstrate that Type
316L SS displays a wide passive range in borate buffer solution at
ambient temperature (23 �C). Under steady-state conditions, the
passive current is found to be independent of voltage and the film
thickness is found to increase linearly with applied voltage with an
anodizing constant of 2.2 nm/V. Impedance data were collected
and validated by Kramers–Kronig transformation. These data will
be analyzed in terms of the mechanism of passive film formation,
as described by the Point Defect Model in Part II of this series.
Mott–Schottky analyses were used to estimate the donor concen-
tration of the barrier layer of the passive film. Although some ques-
tion exists as to whether the necessary conditions for M–S analysis
were fulfilled in the present study, the passive films are clearly n-
type in electronic character and reasonable values for the donor
density as a function of voltage were obtained. The donor density
was found to be essentially independent of film formation voltage
with a slight trend for the density to decrease with increasing volt-
age. The data obtained in this study demonstrate that the passive
state on Type 316L SS is well accounted for by the Point Defect
Model, with this alloy joining a long list of other alloys and metals
that have been successfully interpreted in terms of this model
[2,19–23].
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