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Abstract The paper presents the results of instantaneous
impedance changes measurements vs. reactivation potential
performed by means of dynamic electrochemical impedance
spectroscopy (DEIS) technique for AISI 304 stainless steel
(SS) dissolution process during intergranular corrosion (IG) in
0.5MH2SO4+0.01 M KSCN solution. With the use of DEIS
method, it was possible to estimate dynamic changes of the
examined system’s impedance in conditions of proceeding
IG process. Furthermore, the paper proposes an alternative
way of evaluating AISI 304 stainless steel dissolution rate
during intergranular corrosion based on approximation to
theory of iron dissolution in sulfuric acid medium. Simulta-
neously, based on the DEIS measurements, information
about the degree of sensitization of the examined material
were obtained. Performed research revealed the advantages
of the DEIS technique over the classical double-loop electro-
chemical potentiokinetic reactivation tests when inves-
tigating intergranular corrosion process.
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Introduction

Austenitic stainless steels (SS)—containing 18% chromium
and 8% nickel—are engineering materials widely used in

many branches of industry due to their good mechanical
properties and corrosion resistance at elevated temperatures.
However, the precipitation of intermetallic compounds at
grain boundaries affects this resistance [1–3]. Exposure to
high temperatures ranging from 500 to 800 °C, during
welding or service, leads to precipitation of chromium rich
carbides (type Cr23C6) or sigma phase (Fe-Cr-Mo) at grain
boundaries and formation of chromium depletion regions
adjacent to these carbides. Therefore, stainless steels with
less than 12–13 wt.% of chromium- and chromium-
depleted regions at grain boundaries are known to have
undergone sensitization [1–5].

Intergranular corrosion of austenitic stainless steels is
explained by the chromium depletion theory [6, 7], which
shows that the extent of chromium-depleted zones at grain
boundaries indicates directly the material’s susceptibility to
IG process and in the presence of residual stresses and
strain to IGSCC as well in the final stage [8].

According to the ASTM standard, metallographic etching
and weight-loss tests are regularly performed to assess
degree of sensitization (DOS) of austenitic stainless steels
[7–15]. The disadvantages of these evaluation techniques
are the considerable consumption of etchant and long
testing period. Since anodic dissolution of austenitic SS in
an electrolyte is an electrochemical process, estimating
DOS of austenitic stainless steels should be possible by
means of electrochemical methods. Many electrochemical
methods were proposed to determine DOS of stainless
steels in the literature [16, 17]. Among them, anodic
polarization tests [18] were the most commonly used
approaches.

The search for a rapid, quantitative, and non-destructive
test method has lead many researchers to develop double-
loop electrochemical potentiokinetic reactivation (DL-EPR)
tests [2, 3, 19–25]. This technique was especially applied in
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detecting DOS of AISI 304 stainless steels. Nevertheless,
it is worth to emphasize certain disadvantages of this
method, among the most important of which are high-
amplitude perturbation signal, determination of DOS only,
and finally, lack of information related to the mechanism
and rate of IG.

Classical electrochemical impedance spectroscopy (EIS)
also provides information concerning the IG\ but only before
and after the corrosion process, when the investigated system
is in a stable state. Therefore, EIS cannot provide detailed
characteristic of the proceeding corrosion processes. Never-
theless, AC impedance for the evaluation of DOS has not
been reported yet. What is more important is that any
information concerning the impedance assessment of the
effective surface area of AISI 304 stainless steel dissolution
process during intergranular corrosion cannot be found in the
literature.

Such possibility can be achieved by using dynamic electro-
chemical impedance spectroscopy (DEIS). Due to its joint
time–frequency procedure [26–30], DEIS allows to investi-
gate the proceeding corrosion process in time and therefore
obtain very detailed characteristic of the examined system.
So far, DEIS was successfully applied in the examination of
pitting corrosion [31–33], organic coatings [34], passive
layer cracking process on austenitic stainless steels, and
aluminum alloys [35–39], and in the investigation of the
mechanism and kinetics of pickling of high-temperature
oxidized 304 SS in HF-H2SO4 [40].

The objective of this paper is to evaluate dynamic changes
of impedance of AISI 304 stainless steel dissolution process
in conditions of proceeding intergranular corrosion by means
of DEIS technique.

Experimental

Chemical composition of austenitic stainless steel used in
this study is given in Table 1. Examined specimens were
prepared according to instructions provided by the ASTM
G108-94 standard [41]. The specimens were sensitized at
675 °C for 24 or 36 h. Corrosion potential of all sensitized
specimens in the examined electrolyte solution was about
ECORR=−0.900 VHg,Hg2SO4|H2SO4 independently of the
sensitization time. Non-sensitized (reference) specimens
were also examined in order to make adequate comparison.
The corrosion potentials of non-sensitized and sensitized
specimens were the same. Thirty specimens of each type

were investigated. The exposed area for all examined
specimens was 0.5 cm2.

DEIS measurements were performed in a three-electrode
cell, in which mercury/mercury sulfate [Hg, Hg2SO4|
H2SO4(0.5 mol/dm3)] electrode was used as a reference
electrode, and the auxiliary electrode was made of platinum
net. The employed reference electrode is not in accordance
with the ASTM G 108-94 standard, where saturated
calomel electrode with controlled leakage rate is recom-
mended. Instead, an electrode with electrolytic bridge filled
with sulfuric acid was used. The concentration of the acid
was the same as in the investigated electrolyte solution.
This way, it was possible to avoid the risk of pitting
corrosion due to the presence of chloride ions, which might
have been transported to the solution from the electrolytic
bridge filled with potassium chloride. The experiments
were realized in 0.5 M H2SO4

−2+0.01 M KSCN solution.
DEIS measurements, in accordance with the measure-

ment procedure given by the ASTM G108-94 standard
[41] to guarantee conditions equivalent to the DL-EPR
tests performed on AISI 304 stainless steel, were carried
out “on-line,” while the samples were polarized in temper-
ature of electrolyte 30 °C±1: polarization from ECORR=
−0.900 VHg,Hg2SO4|H2SO4 to E=−0.200 VHg,Hg2SO4|H2SO4

(maintained for 2 min in the passive state), activation scan;
and back to corrosion potential ECORR=−0.900 VHg,Hg2SO4|

H2SO4, reactivation scan.
The measurement setup was composed of a high-

frequency potentiostat and a National Instruments PCI
6120 card, which generated the perturbation signal, as well
as registered voltage perturbation and current response
signals. Impedance measurements were executed for the
frequency range 20 kHz–7 Hz. The average number of
points per decade in the DEIS measurements was 5.

The choice of sampling frequency of 100 kHz resulted
from the disposable measurement card settings. Proper
selection of the sampling frequency in the DEIS measure-
ments enables to reflect the highest measurement frequencies
with very good precision. A multi-sinusoidal perturbation
signal composed of 20 sinusoids was used for the measure-
ments. The amplitudes of the perturbation signal were
diversified within the range from 5 to 28 mV in order to
measure DC current with acceptable accuracy using only one
resistor for both low and high frequencies. In the case of low
frequencies, higher amplitudes of the perturbation signal
were applied, as opposed to the high frequency range in
which lower amplitudes were selected.

Table 1 Normalized chemical composition of AISI 304 (average values)

C Mn Si P S Cr Ni Fe

≤0.08% ≤2.0% ≤1.0% ≤0.045% ≤0.03% 18–20% 8–10.5% Bal.
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Background and more detailed description of the DEIS
technique can be found in papers written by Darowicki and
co-workers [26–28].

Results and discussion

Dependencies between DC current and potential, both in
the activation and reactivation range, were obtained on the
basis of proper filtering procedure, which is strictly
connected with the DEIS technique [26–28]. As is
presented in Eq. 1, both voltage perturbation and current
response signals are composed of a DC term and the other
one that describes impedance of the examined process.
Thus, after filtering out the DC components from the per-
turbation and response signals, one obtains the relation iDC=
f(uDC), equivalent to the classical polarization curve.

uDC þ
Pn
i¼1

ui exp �j wit þ<ið Þ½ � !

iDC þ
Xn
i¼1

ii exp �j wit þ<i þ 6ið Þ½ �

perturbation signal

response signal

ð1Þ

where ui and ii are the signal amplitudes for the ith
frequency, t is time, < i is the phase shift of perturbation/
response signal, and Φi corresponds to the phase shift
resulting from the character of the investigated process.

Accordingly, Figs. 1a–c depict DC current dependencies
vs. activation and reactivation potentials recorded for the
non-sensitized (reference) and sensitized specimens. Signif-
icant activation peaks can be observed for all investigated
specimens, whereas the reactivation peaks can only be found
for the sensitized specimens independently of the sensitiza-
tion time. Analogical results would have been obtained by
means of the classical DL-EPR technique.

However, with the use of DL-EPR tests, one can only
obtain the ratio between maximal values of reactivation and
activation current [imax(reactivation)/imax(activation)] de-
fined as the DOS. Adequate results are gathered in Table 2.
Hence, based on the DL-EPR measurements, it is difficult
to determine the mechanism and rate of both AISI 304
stainless steel dissolution process and IG in the reactivation
potential range. The values of DOS calculated for the
reference specimens were all low, below 0.1, which implies
their resistance to IG. On the contrary, specimens sensitized
for 24 h and the ones sensitized for 36 h could be
recognized as susceptible to IG because of DOS values
exceeding 0.5. This is in good agreement with the
instructions provided by the ASTM G108-94 standard [41].

Application of the DEIS method made it possible to
record sets of instantaneous impedance spectra reflecting

dynamic changes of the investigated system’s impedance as
a function of potential. Regarding the fact that the dif-
ference in dependencies between DC current and potential
was only detected in the reactivation scans, Fig. 2a–c
presents exemplary DEIS spectra recorded for the reference

Fig. 1 Exemplary DC current changes vs. activation and reactivation
potential obtained by filtering out the DC component from the voltage
perturbation and current response signals recorded during the DEIS
measurements in 0.5 M H2SO4

−2+0.01 M KSCN solution: a reference
(non-sensitized) specimen, b specimen after 24 h of sensitization in
675 °C, c specimen after 36 h of sensitization in 675 °C
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specimen and for the sensitized ones vs. reactivation
potential (i.e., from about −0.550 V to about −0.870 V).
Instantaneous impedance changes of the sensitized speci-
mens were recorded as opposed to the reference ones. The
impedance spectra of non-sensitized specimens exhibited
capacitance character (passive state), indicating that no AISI
304 stainless steel dissolution process was detected, while
the sensitized ones exhibited significant active–passive
transition unequivocally involved with proceeding corrosion
process.

Unquestionable is the shape of DEIS spectra that were
recorded for the sensitized specimens and distribution of the
measurement frequencies. Both correspond to the ones
obtained for pure iron dissolution in sulfuric acid medium
[42–45] and exhibit one inductance loop responsible for the
presence of intermediate on the surface of examined
specimens. Considering chemical composition of the inves-
tigated material and the theory presented by Armstrong et al.
[44] and Epelboin et al. [45], it can be stated that, in the case
of AISI 304 SS dissolution in conditions of IG, the most
probable intermediate among other ones that could also be
present is Fe(OH)ads. Such a situation has been depicted in
detail in Fig. 3, which illustrates exemplary 2D impedance
spectra extracted from the reactivation potential range (from
E=−0.705 V to E=−0.749 V) of the DEIS spectrogram that
was recorded for the specimen sensitized for 36 h. Results
presented in this form distinctly show activation character of
registered impedance spectra and exclude the occurrence of
diffusion process.

Intergranular corrosion is considered as one of the most
difficult corrosion processes to predict due to its compli-
cated mechanism. Taking into account the shape of
registered DEIS spectra and the theory proposed by
Armstrong et al. [44] and Epelboin et al. [45], the authors
assumed that following reactions 2 and 3 could represent
the mechanism of dissolution of AISI 304 stainless steel in
conditions of proceeding intergranular corrosion:

Feþ OH�! 
k�2

k2
FeOHð Þadsþe ð2Þ

FeOHð Þads!
k3
Fe OHð Þþþe ð3Þ

This kind of assumption can provide additional infor-
mation about general character of IG process.

Analysis of recorded DEIS impedance spectra had to be
performed to give detailed impedance characterization of
AISI 304 stainless steel dissolution process in conditions of

Fig. 2 Exemplary DEIS impedance spectra as a function of
reactivation potential registered for AISI 304SS dissolution process
during proceeding IG: a reference (non-sensitized) specimen, b
specimen sensitized for 24 h in 675 °C, c specimen sensitized for
36 h in 675 °C

Table 2 Calculated values of the degree of sensitization (DOS) for
the reference electrode and for the specimens of different sensitization
time

Sample imax(reactivation)/
imax(activation)

R (0.5 M H2SO4+0.01 M KSCN) 0.008
24 (0.5 M H2SO4+0.01 M KSCN) 0.503
36 (0.5 M H2SO4+0.01 M KSCN) 0.548

1690 J Solid State Electrochem (2009) 13:1687–1694



intergranular corrosion. The obtained results were analyzed
by using equivalent circuit presented in Fig. 4. This equivalent
circuit was successfully employed by Epelboin et al. [43]
during studies over the AC impedance of iron dissolution in
sulfuric acid medium. Fitting of the proper equivalent
circuit was performed using professional ZSimpWin soft-
ware. At this point, it should be emphasized that intergran-
ular corrosion process occurs as a result of active–passive
cell operation. Accordingly, Re(QpRp) part of the circuit
describes the passive state (chromium enriched) and was
used to analyze impedance of the reference samples in
reactivation range, while Re(Cdl(RadsL)Rct) refers to the active
state and determines grain boundaries impedance (chromium
depletion zones directly related to the IG process) that was
analyzed for the sensitized specimens. During the IG
process, the surface of steel was not in the passive state;
thus, impedance of the upper branch was very high and
impedance of the lower one was very low (current flows
along the path of the lowest resistance). The two branches of

the equivalent circuit are connected in parallel. Since
reciprocal of the upper branch impedance is very low, it
can be omitted, and thus, the parameters of the upper branch
(Qp and Rp) can be neglected in analysis of the sensitized
specimens.

Particular elements of equivalent circuit employed for
the analysis of grain boundaries impedance in the reactiva-
tion range are described in Figs. 5, 6, 7, and 8. In general,
dependencies of equivalent circuit parameters presented for
the non-sensitized specimens as a function of reactivation
potential describe surface state of the examined stainless
steel. The dependencies for the sensitized specimens refer
to the grain/grain boundary interface.

In Fig. 5, dynamic changes of the electrical double-layer
capacitance vs. reactivation potential received for the non-
sensitized and sensitized specimens are plotted. Slight
decrease in the electrical double-layer capacitance with
reactivation potential can be observed for the reference
specimen, indicating stable passive state of the examined
reference specimen in the reactivation potential range. This
corresponds to the impedance spectra presented in Fig. 2a.
It can be explained by the fact that the non-sensitized
specimens did not exhibit susceptibility to intergranular
corrosion resulted from the precipitation of Cr23C6 at grain
boundaries and simultaneous formation of chromium
depletion zones near the grain boundaries area. As a result,
initiation of AISI 304 SS dissolution process was not
possible. On the other hand, sensitized specimens revealed
increase of about one order of magnitude in the electrical
double-layer capacitance with reactivation potential inde-
pendently of the sensitization time. Such a significant
increase in the electrical double layer capacitance results
from a decay of passivity at and near grain boundaries due
to precipitation of Cr23C6 and simultaneous formation of
chromium depletion zones. This enabled initiation of AISI
304 SS dissolution process, and its further intensification as
the potential was changing in the cathodic direction.

Fig. 3 2D impedance spectra extracted from the DEIS spectrogram,
which was recorded as a function of reactivation potential (from E=
−0.705 V to E=−0.749 V) for the sample sensitized for 36 h in 675 °C
during the exposure to 0.5 M H2SO4+0.01 M KSCN solution

Fig. 4 Equivalent circuit
applied to the analysis of IG
process proceeding on AISI 304
stainless steel, where: Re—the
electrolyte resistance, Qp—
constant phase element, Rp—the
passive layer resistance, Cdl—
the electrical double layer
capacitance, Rads—the interme-
diate adsorption resistance, L—
the inductance, Rct—the charge
transfer resistance
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Moreover, when taking into consideration the electrochemical
fundamentals of interfaces, which particularly includes the
characterization of the electrical double layer, its capacitance
can be described by the following Eq. 4 [46]:

Cdl ¼ @q

@E

� �
ð4Þ

where q=charge, E=potential.
Accordingly, the electrical double layer capacitance is

directly proportional to the charge and inversely proportional
to the potential. That explains the increase of the electrical
double-layer capacitance due to simultaneously proceeding
cathodic polarization and AISI 304 SS dissolution process
resulting in Fe2+ formation.

Changes of the charge transfer resistance with decreasing
reactivation potential are presented in Fig. 6. For non-
sensitized specimen, instantaneous changes of the charge
transfer resistance are about two orders of magnitude higher
than for the sensitized specimens, which confirms proceeding
corrosion processes. In the reactivation potential range, the
charge transfer resistance increases by one order of magni-
tude with potential increase to the cathodic direction inde-
pendently of the sensitization time. Increase in the charge
transfer resistance detected with increasing cathodic polari-
zation results from the intermediate adsorption on the
electrode’s surface due to proceeding dissolution process.

At this point, it is important to emphasize that both
above-described parameters, that is Cdl and Rct, depend on
the parameter of attacked grain boundaries area and cannot
be directly used to evaluate rate of AISI 304 stainless steel
dissolution process. In order to eliminate this problem,
values of these parameters were multiplied giving the

Fig. 7 Changes of the rate of charge transfer reaction as a function of
reactivation potential obtained for the specimens made of AISI 304
stainless steel on the basis of the DEIS measurements in 0.5 M H2SO4+
0.01 M KSCN solution: diamond reference (non-sensitized) specimen,
square specimen sensitized for 24 h in 675 °C, circle specimen
sensitized for 36 hours in 675 °C

Fig. 8 Changes of the rate of intermediate adsorption process versus
reactivation potential obtained for the specimens made of AISI 304
stainless steel on the basis of the DEIS measurements in 0.5 M H2SO4+
0.01 M KSCN solution: square specimen sensitized for 24 h in 675 °,
circle specimen sensitized for 36 h in 675 °C

Fig. 5 Changes of the electrical double-layer capacitance as a
function of reactivation potential obtained for the specimens made of
AISI 304 stainless steel on the basis of the DEIS measurements in
0.5 M H2SO4+0.01 M KSCN solution: diamond reference (non-
sensitized) specimen, square specimen sensitized for 24 h in 675 °C,
circle specimen sensitized for 36 h in 675 °C

Fig. 6 Changes of the charge transfer resistance vs. reactivation
potential obtained for the specimens made of AISI 304 stainless steel
on the basis of the DEIS measurements in 0.5 M H2SO4+0.01 M
KSCN solution: diamond reference (non-sensitized) specimen, square
specimen sensitized for 24 h in 675 °, circle specimen sensitized for
36 h in 675 °C
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product Rct·Cdl equivalent with the time-constant of the
charge transfer reaction. Furthermore, having taken a
reciprocal of obtained product values, one receives a
parameter that describes the dynamics of changes of the
charge transfer reaction equivalent to the dynamics of
changes of AISI 304 stainless steel dissolution process in
conditions of proceeding intergranular corrosion.

Accordingly, Fig. 7 presents dynamic changes of the
reciprocal of Rct·Cdl product vs. reactivation potential
determined based on DEIS measurements. It can be
observed that the non-sensitized specimen shows slight
decrease in the dynamics of changes of the charge transfer
reaction with reactivation potential. Decrease by about three
orders of magnitude in the dynamics of changes of the
charge transfer reaction with reactivation potential can be
observed for the sensitized specimens independently of the
sensitization time as a result of proceeding cathodic
polarization of the examined system. Nevertheless, the
dynamics of changes of the charge transfer reaction is very
high [log(τct

−1)≥102 s−1], which indicates significant AISI
304 stainless steel dissolution process in the reactivation
potential region.

The same procedure was employed in calculating the
remaining electrical parameters connected with the inter-
mediate adsorption process, that is L and Rads. Obtained
values of Rads·L product represent time-constant of the
intermediate adsorption process; thus, the converse of these
values is directly related to the dynamics of changes of the
intermediate adsorption process.

Figure 8 represents the dynamics of changes of the
intermediate adsorption process as a function of reactiva-
tion potential for the sensitized specimens only. Indepen-
dently of the sensitization time, the dynamics of changes of
the intermediate (FeOH)ads adsorption process decreases
from log(τads

−1)=2.3 to log(τads
−1)=0 within the reactiva-

tion potential range E=−0.625/−0.750 V, and finally, below
−0.750 V, takes a constant value.

Generally, the dynamics of changes of the intermediate
(FeOH)ads adsorption process is lower than the dynamics of
changes of the charge transfer reaction. Accordingly, when
taking into consideration Figs. 7 and 8 as well as the theory
proposed by Armstrong et al. [44] and Epelboin et al. [45]
represented by Eqs. 2 and 3, it can be stated that the
adsorption reaction controls overall dynamics of changes of
the AISI 304 stainless steel dissolution process during
proceeding intergranular corrosion.

Light microscope surface micrographs of the examined
AISI 304 stainless steel specimens are presented in
Figs. 9a–c. The reference specimen did not exhibit any
changes in the microstructure under investigated conditions
(Fig. 9a). On the contrary, the specimens subjected to
sensitization for 24 and 36 h exhibited distinct corrosion
failure along grain boundaries (Figs. 9b,c).

Conclusions

On the basis of performed research, it can be stated that,
with the use of DEIS technique, it is possible to measure
dynamic changes of impedance during AISI 304 stainless
steel dissolution process, which occurs in conditions of
intergranular corrosion. Results presented in this paper
demonstrate instantaneous impedance changes of AISI 304

Fig. 9 Light microscope surface micrographs of AISI 304 stainless
steel after electrochemical etching in 60% H2SO4+0.5 g hexamine
solution for 2 min: a reference (non-sensitized) specimen, b specimen
after 24 h of sensitization in 675 °C, c specimen after 36 h of
sensitization in 675 °C
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stainless steel dissolution process proceeding during inter-
granular corrosion that were recorded vs. reactivation
potential.

Moreover, the procedure based on the theory of pure iron
dissolution in sulfuric acid medium proposed in this paper
can be used to assess the rate of intergranular corrosion of
AISI 304 stainless steel independently of the parameter of
attacked grain boundaries area.

Simultaneously, on the basis of the DEIS measurements,
information about the degree of sensitization of the examined
material can be obtained. Accordingly, performed research
revealed the advantages of the DEIS technique over the
classical double-loop electrochemical potentiokinetic reacti-
vation tests when investigating intergranular corrosion
process.
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