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a b s t r a c t

In this study, critical pitting temperature (CPT) of 2205 duplex stainless steel (DSS2205) was assessed
using electrochemical impedance spectroscopy (EIS) in ferric chloride solution. In order to verify the
results other methods such as ASTM G 48, potentiodynamic and potentiostatic polarisation and zero
resistance ammeter (ZRA) were also employed. The results show a strong close relation between the
results of this method by those of previous methods. CPT of the alloy is 40 �C based on standard method
and 44 �C, 49 �C according to the ZRA and potentiostatic methods. Both potentiodynamic and EIS meth-
ods give an almost identical CPT value.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Temperature as a pitting criterion first introduced by Brigham
and Tozer [1]. They compared the results of the three independent
test methods (two potentiostatically controlled and one freely cor-
roding) on austenitic stainless steels for describing the onset of pit-
ting corrosion in chloride containing solutions [1–4]. They reported
that there is a temperature below which the steels will not pit
regardless of potential and exposure time and introduced it as
the critical pitting temperature (CPT). This temperature is an
important parameter for selection of pitting resistance of stainless
steels. In this way, the higher CPT value shows the better resistance
of stainless steel to pitting corrosion.

It is generally accepted that the alloy elements are one of the
most effective factors on the CPT values [2,4–6]. In addition, some
other factors such as surface roughness, heat treatment and some
inhibitors can also change CPT values [7–12]. However, it is
believed that the potential and chloride concentration with in a
lower concentration range have negligible influence on the CPT
[1,13].

To determine CPT values different methods have been reported
by authors that are listed below:

A. Brigham and Tozer in 1973 used potentiostatic polarisation
to determine CPT values of molybdenum-containing austen-
itic stainless in 3.5% NaCl solution [1]. They applied an

anodic potential of 500 mV/SCE on their samples while the
solution temperature was increased at the rate of
0.6 �C min�1. The temperature at which current density
increased sharply to 100 lA cm�2 was designated as the crit-
ical pitting temperature. In addition, according to ASTM G
150 test, CPT values of stainless steels can be determined
by potentiostatic polarisation [14]. In this test, an anodic
potential of 700 mV/SCE applies on sample in 1 M NaCl solu-
tion while the temperature increases at the rate of
1 �C min�1. The temperature at which current reaches to
100 lA cm�2 and continues for more than 1 min is desig-
nated as the critical pitting temperature.

B. ASTM G 48 in 1976 issued as a standard test method for pit-
ting and crevice corrosion resistance of stainless steels and
related alloys by use of ferric chloride solution [15]. Accord-
ing to this method sample is retained in acidified 6–10%
FeCl3 solution at an initial temperature (usually 10 �C below
the expected CPT) for 24 h. After this duration sample is
examined under optical microscopy to detect any pitting.
The critical pitting temperature is designated as the temper-
ature below which no pits are observed. In addition, accord-
ing to ASTM G 48 the depth of the formed pits must be
higher than 25 lm.

C. Quang et al. in 1988 introduced galvanostatic polarisation as
a fast method for determination of critical pitting tempera-
ture [16]. They applied a weak anodic current density
(50–200 lA cm�2) to prepassivated samples (5 min in 3 N
Nitric acid) in 3% NaCl solution while the temperature
was increased at the rate of lower than 4 �C min�1. The
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temperature at which the potential dropped suddenly due to
stable pitting formation was designated as the critical
pitting temperature.

D. Qvarfort in 1989 proposed an improved electrochemical
method based on potentiodynamic polarisation to deter-
mine critical pitting temperature of stainless steels [17].
The cell design avoided the crevice corrosion and resulted
to accurate determination of the critical pitting temperature.
In this method, the temperature at which the breakdown
potential, Eb, felt down sharply from transpassive to pitting
corrosion and the current density exceeded 100 lA cm�2

was designated as the critical pitting temperature.
E. Bravo and Newman in 1994 proposed zero resistance amme-

ter (ZRA) as an alternative method to determine critical pit-
ting temperature of stainless steels in ferric chloride solution
[18]. In this method, potential and coupled current between
to samples was being monitored while the temperature was
increased by defined rate. The temperature at which coupled
current increased to a value of ±5 lA was designated as the
critical pitting temperature.

F. Zhang et al. in 2012 proposed a new criterion to estimate
critical pitting temperature based on the electrochemical
noise measurement [19]. In this procedure, electrochemical
noise recorded during the temperature linear scanning per-
iod which is analyzed by the thermammetry technique.
Afterward, the temperature of transition point in Arrhenius
plot was designated as the critical pitting temperature.

G. Ebrahimi et al. in 2012 proposed electrochemical impedance
spectroscopy (EIS) as a fast and reliable method to deter-
mine critical pitting temperature of the stainless steels
[20]. In this method, nyquist plots of the sample in 0.1 M
NaCl at the anodic potential of 600 mV/SCE in different tem-
perature were plotted. The temperature at which sudden
drop in charge transfer resistance occurred was designated
as the critical pitting temperature.

As known, the CPT determination by ASTM G 48 evaluation is a
qualitative and time-consuming process. Generally, it is expected
that at temperature above the CPT the stable pitting will occur in
ferric chloride solution approximately after a short time and it is
not necessary to immerse the sample into solution for a longer
time. In present study, this expectation has been investigated by
impedance measurement. In this way, the CPT is estimated by
EIS method using an oxidizing environment (acidified ferric chlo-
ride solution) instead of applying anodic potential in conjunction
with impedance spectroscopy that was previously employed by
Ebrahimi et al. [20]. Finally several CPT measurement techniques
including ASTM G 48, ZRA, potentiodynamic and potentiostatic
polarisation are employed to determine CPT value of the 2205 du-
plex stainless (DSS2205) and their results are compared with value
obtained by proposed method.

2. Experimental procedure

The chemical composition analysis of alloy in weight percent
is illustrated in Table 1. The samples have been solution annealed
at the temperature of the 1050 �C for 45 min and quenched in
water. In this case to avoid crevice corrosion, rod samples with
10 mm diameter and 20 mm length were used. The immersion

depth of working electrode was 12 mm; therefore, the immersion
surface area was 4 cm2. Prior to each experiment, the sample was
wet ground to 1200-grit finish by abrasive paper, degreased with
methanol, rinsed with distilled water and dried by air. A platinum
foil and a saturated calomel electrode (SCE) were used as counter
and Reference electrodes, respectively and Gill AC potentiostat
(ACM instruments) was employed for electrochemical measure-
ments. Since the ferric chloride solution (prepared according to
ASTM G 48-03 standard) makes an oxidizing environment to ex-
ceed the corrosion potential greater than the pitting potential, it
does not need to apply any anodic over-potential to cause pitting.
Thus in this study, electrochemical tests including ASTM G 48,
ZRA and EIS techniques have been performed in ferric chloride
solution without any applied external potential. As known in this
solution, the chloride anions have the main role on pitting corro-
sion while reduction of ferric (Fe3+) to ferrous (Fe2+) just produce
the oxidising power to keep the corrosion potential above pitting
potential. So, the potentiodynamic and potentiostatic polarisation
tests were carried out in a solution with same chloride concentra-
tion (without oxidizing agent) and pH value prepared by NaCl
and HCl in order to validate the results obtained by mentioned
techniques. It should be noted that in all electrochemical test,
the chloride concentration and pH values were 1.6 M and �0.2,
respectively.

2.1. ASTM G 48 CPT determination

This procedure involved immersing the sample in the acidified
FeCl3 solution at an initial temperature (30 �C) and retaining it in
solution for 24 h period. At the end of the test the sample removed
and the surface scrubbed by nylon bristle brush under running
water to remove corrosion products. Then the sample was ultra-
sonically cleaned in methanol for 5 min and dried by air. After-
ward, the sample was examined under an optical microscopy to
detect any pitting. If no pits were found, temperature was in-
creased by 5 �C every 24 h with a fresh solution and new sample
until pits could be found. The temperature at which pits with
25 lm or higher depth was observed is CPT temperature.

2.2. ZRA CPT determination

This procedure involved immersing two identical samples with
equal areas (4 cm2) in the acidified FeCl3 solution. The samples re-
tained in 30 �C solution for 1 h before starting to heat up. Subse-
quently, the solution was heated up at the rate of 0.5 �C min�1

while the potential and coupled current was measured every
0.02 s with computer controlled electrochemical interface. Test
stopped when the coupled current reached to 100 lA. In this case,
the temperature at which coupled current altered more than 5 lA
was selected as the CPT.

2.3. potentiodynamic CPT determination

This procedure involved polarisation curves, started from
�100 mV below open-circuit potential at a scan rate of 1 mV s�1

and reversing the scan direction while the current indicated that
stable pitting or transpassivity had occurred. Before the measure-
ments, open-circuit potential in simulated solution was measured
for 30 min. In this case, the temperature at which breakdown

Table 1
chemical composition of the used DSS2205 alloy (wt%).

Sample C Cr Ni Mo S P Mn Si N Other Fe

DSS2205 0.03 21.61 5.31 3.07 0.0007 0.022 0.97 0.74 0.3 <0.5 Bal
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potential, Eb, dropped from transpassivity to pitting potential range
was designated as the CPT.

2.4. Potentiostatic CPT determination

This procedure involved polarisation of the sample at the anodic
potential of 750 mV/SCE while the temperature was increased at
the rate of 0.5 �C min�1. Before the measurements, open-circuit po-
tential in simulated solution was measured for 30 min. In this case,
the temperature at which the current density reached 100 lA cm�2

and had continued for more than 1 min, was defined as the CPT.

2.5. EIS CPT determination

This procedure involved measuring the electrochemical imped-
ance at different temperatures in the acidified FeCl3 solution by
applying AC signals in the range of 10 kHz–1 Hz with the ampli-
tude of 10 mV peak-to-peak. Before the measurements, open-cir-
cuit potential in FeCl3 solution was measured for 1 h. In this case,
the temperature at which sudden drop in charge transfer resis-
tance occurred was designated as the CPT.

2.6. Pit morphology

This procedure involved polishing the sample by 0.05 lm alu-
mina slurry and then immersing it in the 6 wt% ferric chloride solu-
tion at 55 �C for 1 h. After removing the specimen from solution,
the sample was ultra-sonically cleaned in methanol. Finally, the
sample was electrochemically etched in 10 wt% KOH solution at
the anodic potential of 2.5 V for 60 s and examined under an opti-
cal microscopy in order to investigate the pits configuration.

3. Results and discussion

3.1. ASTM G 48 CPT determination

Fig. 1 shows the formed pit after retaining the sample in the
acidified FeCl3 solution for 24 h at the temperature of 40 �C. In this
way, by assuming the formed pit as a hemisphere, depth of pit
equals to about 50 lm which is higher than the value required

based on ASTM G 48 (25 lm) [15]. It means before this tempera-
ture, the cathodic reaction mentioned above come crosses with
the anodic branch of steel surface dissolution in passive state and
40 �C is the lowest temperature in which in this medium pitting
corrosion can be occurred. Hence, according to the definition of
CPT and also ASTM G 48, CPT of DSS2205 is 40 �C.

3.2. ZRA CPT determination

In this method, one of the electrodes is used to promote pitting
corrosion in the other one. In other word, before the CPT of the al-
loy, the stable pitting of the samples is not possible and both spec-
imens are in the same corrosion potentials and the coupled current
is about zero. However, by raising the temperature, formation of
the metastable pits on the surfaces would be possible and it can
change the potential of the samples. In this way, there will be a dif-
ference between the two specimen corrosion potentials and while
they are connected electrically together, there would be a driving
force for galvanic corrosion. In this galvanic couple, the specimen
with a metastable pit acts as the anode and the other one would
be cathode temporarily and the couple current alters proportional
to the driving force. Afterward, according to the presented criterion
by Bravo and Newman, the driving force from the formation of the
stable pit at the CPT is high enough to alter the couple current
more than 5 lA.

Fig. 2 represents the result on assessment of CPT value of the
sample with ZRA measurement in the acidified FeCl3 solution.
Regarding couple potential, it is obvious that this potential i.e.
500 mV/SCE is located at the passive state of DSS2205 at corre-
sponding temperatures. As a result, both samples are in passive
state. Clearly, the condition remains stable since there is no notice-
able change in couple current and potential values up to the 40 �C.
At this temperature, the couple current density starts to decrease
showing the occurrence of some changes in the surface condition.
The decrease continuous until 41 �C and the couple current
touches value of �4 lA; a value close to the criterion of pitting cor-
rosion in this method. It increases again and locates at the passive
boundary. The current density starts again to decrease and at 42 �C
a sharp cathodic current peak with a value of 32 lA is appeared. As
it can be seen from Fig. 2, the condition after that is not anymore
stable and couple current density fluctuated between positive
and negative values indicating formation of pits on surface of each
sample. In addition, the couple potential also decreases from
500 mV/SCE to 400 mV/SCE that shows one of the samples acts

Fig. 1. Formed pit on the surface according to the ASTM G 48 at 40 �C.

Fig. 2. Results of ZRA CPT determination method on the DSS2205. Left vertical axis
shows potential (mV/SCE) and current density (104 mA) and right vertical axis
shows temperature. Dashed horizontal lines show the current density boundary
that within them no pitting corrosion is considered.
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as a cathode rather than the other which is anode. According to this
test, it can be claimed that 42 �C can be introduced as the CPT of
this alloy.

By looking to the presented result for CPT determination by
ASTM G 48 and ZRA method, a difference of about 2 �C is evident.
A measured higher CPT value by ZRA method may be attributed to
the different in heating process. It is believe that rate of heating is
not enough low to allow the pit incubation occurs [18].

3.3. Potentiodynamic CPT determinations

In the case of potentiodynamic polarisation it is observed that
the sample in the solution is in active state and by increasing the
temperature from lower temperatures to higher ones, the passivity
current density increases.

Fig. 3 reveals the results on assessment of CPT value of the sam-
ple with potentiodynamic polarisation in the simulated solution. It
can be seen that the corrosion potential for all temperatures is be-
tween �400 to �500 mV/SCE indicating active corrosion. This
behaviour is due to the low pH of aqueous environment i.e. �0.2
and by upward potential scanning the current density increases
up to almost �300 mV/SCE in which the current starts to decrease.

The critical current density for the alloy by increase in temper-
ature increases from almost 1 mA cm�2 to 10 mA cm�2; showing
the important influence of the temperature on the active corrosion
of this alloy. Obviously, there is a second peak in current density
after critical current density and it is seen in almost 100 mV/SCE
at 25 �C and �100 mV/SCE for the other temperatures. This can
be attributed to the rearranging of ions in passive film [21]. After
this allotropic transformation in passive film, the current remains
almost constant although there is a decrease in current (for in-
stance, in the case of 25 �C it is up to 400 mV/SCE) and after that,
it increases again until the passivity experience breakdown. The
significance of the temperature on the passivity current density
is noticeable. If the minimum current density in this region is con-
sidered as the passivity current density, it increases from
4 lA cm�2 to 40 lA cm�2. It is generally accepted that by rising
the temperature, the defects of the passive layer increases
[22–25]. Therefore, the passive layer is less protective at higher
temperatures and the passivity current density increases due to
higher deficiencies of the passive film.

For all temperatures, after current density starts to increase due
to transpassivity or pitting corrosion and exceeds the value of
1 mA cm�2, the sweep direction is reversed to find the reason of

the phenomenon. It is obvious that up to 40 �C, the reversed cur-
rent density lay on the forward direction indicating transpassivity.
In addition, at the presence of the localized corrosion, reversal of
the scan direction results in a polarisation loop of the form shown
in Fig. 3 at the temperatures 45, 50 and 55 �C. However, it can be
observed that at the temperature of 45 �C the shape of the curve
was different after the scan direction was reversed but the break-
down potential has not dropped sharply. In fact, while the break-
down potential is close to the previous temperatures, the
backward scan shows pitting corrosion.

In this way, the current density remains abnormally high and
returns to the passive current density at a lower potential. This
lower-potential intersection is frequently referred to as the protec-
tion potential, Eprot, or repassivation potential in which the stable
passive layer forms on the metal in the local pit and repassivation
occurs [26,27]. The repassivation potential for the sample tested at
45 �C is almost 100 mV/SCE. The breakdown potential dropped
sharply to 350 mV/SCE at 50 and 55 �C and also the repassivation
potential is also decreased to almost 0.0 mV/SCE. This is an indica-
tion of pitting corrosion in temperatures 45, 50 and 55 �C [17].
According to the above results, it is obvious that the CPT of alloy
lies between 40 and 45 �C.

3.4. Potentiostatic CPT determination

In the potentiostatic method the higher potential is provided by
using external source. Fig. 4 shows the anodic current density re-
cord during testing of the sample at the anodic potential of the
750 mV/SCE in the simulated solution. As it can be observed, the
current density at the start of test starts decreasing until an inte-
grated passive film covers the whole surface. After that, it de-
creases with a very low rate and background passivity current
density reaches a value of almost 3 lA cm�2 indicates the healing
of formed passive film on the surface [28]. In this step, there are
some fluctuations indicating occurrence of metastable pitting
[29–32].

By rising the temperature, another factor affects the passive
film and it is the driving force for passivity dissolution and break-
down. At 39 �C, the background current density starts to increase
and some small fluctuations are observed. These fluctuations
may be as a result of raising the frequency of metastable pitting
events or unavoidable noise during the test. This trend continues
up to the temperatures of 41 �C at which the current density
started to increase which is indicating the initiation of the pitting

Fig. 3. Potentiodynamic polarisation method employed for determination of CPT of
DSS2205. Fig. 4. Potentiostatic polarisation method used for CPT determination.
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corrosion. In this way by considering the 100 lA cm�2 current den-
sity as a criterion for CPT evaluation, it can be seen that the CPT of
the sample was 49.75 �C in simulated solution.

According to the obtained results, the CPT value determined by
this method in the simulated solution is slightly higher than the
CPT value measured by potentiodynamic, ASTM G 48 and ZRA
methods. This may be attributed to the formation an integrated
passivity on the entire surface that modifies by further increase
in temperature below the CPT. Hence, the breakdown of thicker
passive film occurs at slightly higher temperatures [28,33,34]. This
explanation does not completely justify this observation because
the CPT is a phenomenon which is highly related to the propaga-
tion process rather than initiation [18,29]. However, the main rea-
son is that the current density starts an increasing trend from 41 �C
(pit initiation stage) but it reaches the criterion (0.1 mA cm�2) at
49.75 �C.

3.5. EIS CPT determination

Fig. 5 shows the nyquist and bode plots of the sample in the
acidified FeCl3 solution at different temperatures. The diagram
shows that EIS results in the acidified FeCl3 solution contain one
time constant up to 45 �C and by increase in temperature, the de-
crease in the diameter of depressed semi-circle is obvious. This
changes are also clear in bode plot which by increasing the temper-
ature from 25 �C to 40 �C, impedance value at 1 Hz decreases from
almost 9000–5000 X cm2.

However, as it can be seen, at temperature of 45 �C the diameter
of the depressed semi-circle in nyquist plot and also the impedance
value (|Z|) at the frequency of 1 Hz in bode plot decreased signifi-
cantly. According to the previous work [20], this remarkable de-
crease in impedance value or diameter of Nyquist plot is an
indication of pitting corrosion. The inserted graph in Fig. 5 shows
the Nyquist plots for 45 and 50 �C indicating a significant decrease
in charge transfer resistance from 25 �C to 50 �C. This is also clear
that impedance value decreases from almost 5000–600 X cm2

when temperature increases only 5 �C. This phenomenon can only
be described by passivity breakdown and localized corrosion.

Fig. 6 shows the equivalent circuits used for modelling of the
obtained results. In the presented models, equivalent circuit below
the CPT differs with equivalent circuit above the CPT. This is be-
cause of the change in the surface condition of sample before
and after pitting corrosion. As it can be seen, before pitting corro-
sion the circuit shows a randle-like feature related to the passive
surface. However, after pitting corrosion, there are two different
sites, passive area and pitted ones. The model in Fig. 6b can suc-
cessfully simulate this condition. The more detailed description
about this model can be found elsewhere [20].

Regarding to the Nyquist plots, it is obvious that the semi circles
are depressed therefore, in these models constant phase elements
(CPE) is used for more accurately analysing of impedance behav-
iour of the electric double layer. The impedance of CPE is expressed
as [35]:

ZCPE ¼ P�1 � ðixÞ�n ð1Þ

where P is the magnitude of the CPE, x is the angular frequency and
n is the deviation parameter (0 6 n 6 1). For a circuit including a
CPE, the double layer capacitance can be calculated from CPE
parameters values (P and n) using the following expression [20].

Cpass ¼ P
1
n � R

1�n
n

ct ð2Þ

Table 2 demonstrates the obtained results from EIS test. As it
can be seen, values of solution resistance (Rs) for all temperatures
are close and similar and their value comparing to other resis-
tances presented here is negligible.

The results reveal that there is a significant decrease in passivity
resistance (Rpass) by raising the temperature. This parameter has
value of 45,481 X cm2 at 25 �C and decreases to 27,236 X cm2 at
40 �C. It is remarkable to notice that there is no stable pitting cor-
rosion up to 40 �C. As a result, this significant decline in this value
illustrates the deteriorative effect of temperature on passivity con-
dition as it was previously shown in potentiodynamic and poten-
tiostatic polarisation results [22–25]. This is even obvious after
occurring pitting corrosion in which the passivity resistance keeps
its falling trend to 50 �C.

The reason for this notable decrease in passivity resistance is
either decrease in its thickness or increase in the passivity film de-
fects or both of them simultaneously. According to MacDonald, the
reaction that causes passive film thickness to reduce is as follows
[36]:

MOx
2
þ xHþ ! Mdþ

ðaqÞ þ
x
2

H2Oþ ðd� xÞe� ð3Þ

where MOx/2 represents passive oxide, x is mole number of protons
involving in the reaction and d is oxidation number of cation.

This reaction can be promoted by raising the temperature;
resulting more dissolution of passive film. Nevertheless, tempera-
ture raising for the following reaction by which the passive film
thickness remains constant leads to increase in cation vacancies
and more defected passive film.

MM ! Mdþ
ðaqÞ þ Vx�

M þ ðd� xÞe� ð4ÞFig. 5. (a) Nyquist plots for different temperatures regarding the proposed test
condition for the new method and (b) corresponding impedance results.
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In this reaction, MM represents the atom in passive film and Vx�
M

is cation vacancy as a result of removal of atom from the oxide. The
values of Cpass clearly show an increasing trend by raising the tem-
perature. By considering the Helmholtz model of the surface film
capacitance, it is defined that the capacitance is inversely propor-
tional to the surface film thickness [20].

Cpass ¼
e0e
d

S ð5Þ

where d is the thickness of the film, S is the surface of the electrode,
e0 is the permittivity of the air, and e is the local dielectric constant.

Since S and e0 are constant before pitting corrosion, any changes
in Cpass come from either change in d or e variation [24,25]. Accord-
ing to MacDonald [36], e is constant over the range of passivity at
constant temperature, however its variation with temperature is
definitely probable considering the fact that temperature has a
noticeable influence on fraction of vacancies in passive film either
in the form of cation or anion vacancies.

This is noticeable that when pitting corrosion occurs, the sur-
face condition changes and as a results, Cpass cannot be compared
with those of non-pitting condition. The reason is that in the pit-
ting condition surface area changes as well as other parameters
mentioned above. In this condition, the passivated surface is lower
compared to the non-pitting condition due to active corrosion of
pitted area. However, clearly, even in pitting condition, Cpass in-
creases with raising the temperature.

Based on the results of Table 2, similar explanation for the pit-
ted area of samples at 45 �C and 50 �C can be said. It can be seen
that the value for pit solution resistance decreases with the in-
crease of temperature. This change may have some explanations.
Firstly, there may be higher number of pits or bigger pits at 50 �C
compared to 45 �C. Secondly, the rate of dissolution in this temper-
ature is higher leading higher amount of ions and resulting lower
resistance. Similar interpretations for changing in pit resistance
and Cpit can be presented like those of passive state that are not
brought here for avoiding duplication.

According to presented circuits, (neglecting the solution resis-
tance which is almost constant in all tests) at temperatures lower
than the CPT, the value of Rtotal is equal to Rpass, whereas at temper-
atures above the CPT, Rtotal is calculated by the following equation:

Rtotal ¼
ðRs:pit þ RpitÞ � Rpass

ðRs:pit þ Rpit þ RpassÞ
ð6Þ

where Rpass is charge transfer resistance of the passive layer while
Rs.pit and Rpit are solution and charge resistance of the pit,
respectively.

Fig. 7 shows the change in Rtotal values vs. temperature. In the
case of EIS method the CPT can be considered as the temperature
in which Rtotal value decreases sharply due to stable pitting forma-
tion. In addition, the CPT can be also defined as the temperature at
which impedance value, |Z|, decreases significantly. Indeed, The
CPT value of the sample lies between 40 to 45 �C which is in good
correlation with the results obtained by other technique i.e. ZRA
and potentiodynamic polarisation methods. This figure also reports
the changes in breakdown potential from potentiodynamic polari-
sation vs. temperature. As it can be seen, the sharp decrease in Eb

vs. T is observed in the temperature range of 45–50 �C. However,
based on the discussions of the potentiodynamic polarisation re-
sults, pitting corrosion was initiated at the temperature of 45 �C,
while the breakdown potential was not dropped significantly. As
a result, the temperature range for the CPT is completely similar
to the EIS results i.e. 40–45 �C.

Fig. 6. Equivalent circuits used for modelling the EIS results (a) passive condition below CPT and (b) above CPT.

Table 2
Results of EIS method used for CPT determination.

T (�C) Rs (O cm2) Rpass (O cm2) CPEpass parameters Cpass (lF cm�2) Rs.pit (O cm2) Rpit (O cm2) CPEpit parameters Cpit (lF cm�2)

P (lF cm�2) n P (lF cm�2) n

25 14 45,481 20.3 0.99 20.33 – – – – –
30 10 39,667 23.84 0.94 23.76 – – – – –
35 12 38,244 23.93 0.93 23.77 – – – – –
40 7 27,236 32.58 0.88 32.05 – – – – –
45 8 24,101 26.94 0.95 26.33 124 654 466 0.17 1.41
50 10 21,326 31.71 0.94 30.98 76 560 502 0.16 0.63

Fig. 7. Changing Rtotal and breakdown potential vs. temperature.
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As it was mentioned before, the aim of this study was to intro-
duce an alternative method of CPT measurement using EIS method.
Ebrahimi et al. used EIS method successfully for this goal [20].
However, in their work, they applied an anodic DC potential and
simultaneously employed EIS technique. In this work, higher po-
tential was obtained using the method proposed in ASTM G 48
i.e. changing the solution chemistry and naturally locating the steel
in passive region.

Based on the obtained results from different methods and re-
sults of this alternative method presented in Fig. 5 and Table 2,
EIS can be used as another alternative method to determine CPT
value of the stainless steels in ferric chloride solutions. Considering
all methods, it is obvious that all of them give close temperatures
for the CPT of this alloy. The changes between the results can be
attributed to the nature of the test. In some of them like potentio-
static polarisation the surface passivity experiences some healing
phenomena before pitting corrosion however, in some other pit-
ting occurs more feasibly like standard one.

In this proposed method, there is no strong healing phenomena
like potentiostatic polarisation that raise the incubation time for
pitting corrosion. However, since the lower frequency is 1 Hz, this
is a fast method that gives numerous valuable data related to the
passivity and pitting conditions. In summary, using oxidant solu-
tions and applying AC signals at high frequencies results to the fast
and reliable determination of the CPT.

3.6. Pit morphology

Fig. 8a shows the microstructure of the DSS2205. Electrochem-
ically etching the steel with KOH solution appears to darken the
ferrite phase more than the austenite phase [12,37]. As it can be
seen, the base metal has been composed of the almost equal
amount of the each phase which is the favourable balance for this
type of stainless steels. Fig. 8b shows the location of the stable pits
after immersion in ferric chloride solution at the temperature of
the 55 �C after 1 h. It is obvious that the pitting has been occurred
in mainly austenite phase. It refers to the lower pitting resistance
equivalent number (PREN) of the austenite phase compared to
the ferrite phase which makes it more susceptible to pitting corro-
sion [12,37,38].

4. Conclusions

In this study a new alternative method for determination of CPT
values of the stainless steels in ferric chloride solutions based on

EIS method has been proposed and the following results were
obtained:

1. The CPT values determined by ZRA and ASTM G 48 in acidified
ferric chloride solutions were 42 �C and 40 �C, respectively.

2. The CPT values determined in simulated solution were 49.75 �C
for potentiostatic polarisation and at the temperatures between
40 and 45 �C for potentiodynamic polarisation method.

3. The CPT values of the stainless steels in oxidant solutions con-
taining aggressive ions such as Cl� can be easily obtained by
EIS method. In this case, at the temperatures above the CPT,
the charge transfer resistance decreases significantly.

4. The CPT value determined by EIS method in ferric chloride solu-
tion is between 40 and 45 �C which is close to the values deter-
mined by the ZRA and potentiodynamic polarisation method.
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