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In this study critical pitting temperature (CPT) of two stainless steels is compared using EIS, potentiody-
namic and potentiostatic techniques. Two types of stainless steels including DSS2205 and 20Cr-28Ni
were chosen. EIS measurements were carried at anodic potential of 600 mV/SCE and the results were
compared with those of potentiodynamic and potentiostatic polarisations. The results revealed that
the CPT of DSS2205 and 20Cr-28Ni was between 45-55 °C and 35-45 °C in potentiodynamic polarisation,
respectively. It was 60 and 55 °C for potentiostatic method and between 55-60 °C and 45-55 °C in EIS
method for DSS2205 and 20Cr-28Ni, respectively.
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1. Introduction

The critical pitting temperature (CPT) is an important character-
istic of pitting which has been introduced from the early 1970s
[1,2]. Production of high corrosion resistance stainless steels,
which contain additional alloying elements (mainly Mo and N),
introduced a wide range of stainless steels which no longer suffer
from pitting at room temperature. Pitting corrosion tests on
alloyed stainless steel at higher temperature revealed that their
pitting is highly temperature dependent. The lowest temperature
at which a stainless steel suffers from pitting corrosion is called
the alloy CPT.

It was shown quantitatively that temperature is an important
criterion for describing the onset of pitting corrosion in molybde-
num-containing austenitic stainless steels in a series of pitting
studies by Brigham and Tozer [1-5]. They compared the results of
three independent test methods (two potentiostatically controlled
and one freely corroding) in chloride solutions. Comparing the pit-
ting temperature obtained with solutions of similar chloride activ-
ities but very different oxidising power, Brigham noted that there
was not a strong dependence of the threshold temperature on po-
tential. This suggests that there was a critical pitting temperature
(CPT) below which the steel will not pit regardless of potential
and exposure time. The potentiostatic method favoured by Brigham
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involved applying an anodic potential of 500 mV (SCE) to test alloy
in a 35% NaCl solution while its temperature was increased at rate
of 0.6 °C/min. The temperature at which the current density in-
creased sharply to a value of 100 pA. cm™2 (the criterion of pit ini-
tiation) was considered to be the temperature at which pitting
began and was designated as the critical pitting temperature
(CPT) [1].

The CPT of stainless steels can be determined using different
procedures:

A) By measuring potentiodynamic polarisation curves at differ-
ent temperatures and plotting the breakdown potential vs.
temperature, using special precautions (e.g., injection of dis-
tilled water) to prevent crevice corrosion. If the pitting test
result is not affected by crevice corrosion, when variation
of breakdown potential vs. temperature is plotted, CPT is
the temperature where the breakdown potential falls down
sharply from transpassive to pitting corrosion [6-8]. The pit-
ting criterion used by Qvarfort [8] was the potential where
the current density exceeded 100 pA. cm 2,

B) The steel specimen is polarised at a fixed anodic potential,
more noble than any possible breakdown potential, in an
aggressive solution, the temperature of which is increased
slowly (0.6°Cmin~') and the CPT is the temperature at
which a marked current increase is observed [9].

C) According to the ASTM G 48 test, CPT can be also be deter-
mined by immersion of alloy samples in 10% FeCls solution,
the temperature is increased stepwise by 2.5 °C every 24 h.
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The sample is then examined under an optical microscope to
detect any pitting. The CPT is defined as the temperature
below which no pits are observed [10].

D) Determining the CPT by a Zero resistance ammeter (ZRA)
technique. The coupled current flowing between the two
connected identical electrodes, which are immersed in an
oxidising solutions increases abruptly when pitting starts
as the solution is heated up above the CPT [11,12].

E) Determining the CPT by applying a weak galvanostatic ano-
dic polarisation (50-200 pA. cm™2) to a prepassivated (e.g.,
5 min in 3 M nitric acid) alloy sample and recording the alloy
potential while the electrolyte temperature is increased con-
tinuously. The CPT is defined at the sudden potential
decrease due to stable pit formation [13,14]. In this case,
the pitting incubation time and hence the CPT will be
affected by the film characteristics of the prepassivated
sample. An advantage of this method is that the initial
potential, for resistant alloys, automatically lies at the begin-
ning of the transpassive region [12].

2. Development of new method based on EIS technique

Several methods which are used for measuring CPT of high pit-
ting resistance stainless steels focus on the changing of alloy
behaviour from transpassivity to pitting corrosion in solution con-
taining aggressive ions. As it was reported above, these measure-
ment methods based on applied potential from the external
source (e.g., a potentiostat) can be divided into two categories.
Those which are performed at a constant temperature and the test
are repeated in a certain steps of temperature. In the other cate-
gory, at a single test running, the temperature is continuously
raised and the temperature in which abrupt rising in current den-
sity was observed can be considered as the CPT value of alloy.

Electrochemical impedance spectroscopy (EIS) is now widely
used to investigate the mechanisms and rates of corrosion. While
its use is generally restricted to homogeneous corrosion situations
in which, the whole sample surface undergoes the same processes,
some attempts to extend impedance techniques to localised corro-
sion are reported in the recent literature [15-21]. However, the
usefulness of EIS during localised corrosion depends on how much
ac measurements improve the knowledge of the electrochemical
processes in comparison to dc measurements. For pitting corrosion
the question is to know whether or not EIS allows getting deeper
understanding than dc current or potential variations. From dc
variations the following parameters are not directly available:
The change in the passive film properties and the rate determining
process during pit growth [22].

From a rapid review of the literature, EIS seems to be able to
investigate the stable pitting step more precisely, i.e. detection of
pitting [15-17,19,20], estimation of the pitted fraction area [19]
and the change in the chemical processes as a function of time
[15]. Whereas, the change of the impedance during the pre-pitting
step remains unclear [15].

To develop a new method for measuring CPT of alloys using the
EIS, the measurements should be performed at potentials in which
passivity is stable and it is sufficiently high for detection of chang-
ing the transpassivity mode to pitting corrosion. For example, in
the ferric chloride solution test, this potential is produced by the
changing of cathodic reaction from oxygen reduction to reduction
of ferric (Fe3*) to ferrous (Fe?*) ions. In potentiostatic polarisation
method, this potential is produced by applying an additional
dc anodic potential. In this new method, ac measurements are
performed at a high passive state potential by applying the addi-
tional dc potential, similar to that of potentiostatic method. In low-
er temperatures in which pitting corrosion does not occur, the EIS
results contain only one semi circle which is related to the passive

surface. Further increase in temperature (similar to that of poten-
tiodynamic polarisation method), changes the charge transfer
resistance and capacitor of the double layer. When pitting corro-
sion occurs, the charge transfer resistance decreases significantly,
because of the local activity of surface. In other word, since surface
is locally activated and produces current which is significantly
higher than that of passive surface [23], the charge transfer resis-
tance decreases significantly. The lowest temperature in which this
behaviour is observed can be considered as CPT.

In addition, since the surface is locally activated and the re-
mained surface is in passive state, at lower frequencies an induc-
tive loop can be detected. This inductive loop is observed
because there are some sites in the surface which produce current
[24-26]. An abrupt decrease in charge transfer resistance is suffi-
cient to detect the CPT and this phenomenon can be found at high
frequencies. To determine the inductive element, the frequency
range of measurement can be continued to the lower ones. Exis-
tence of inductive loop in the Nyquist plot feature of stainless
steels can be related to the localised corrosion as it reported previ-
ously [27-29].

In this study, CPT value of two types of stainless steels including
2205 duplex stainless steel (DSS2205) and 20Cr-28Ni super
austenitic stainless steel (20Cr-28Ni) has been measured by poten-
tiodynamic and potentiostatic polarisation. The results are com-
pared by the results of new proposed EIS method.

3. Experimental methods

The chemical composition analysis of alloys in weight percent is
illustrated in Table 1. Samples were prepared in rod type to avoid
any crevice corrosion during pitting corrosion measurements. The
rod specimen had 10 mm diameter and 40 mm length with hemi-
spherical end. Orientation of long axis of rod working electrodes
was normal to the rolling direction. The immersion depth of work-
ing electrode was 12 mm); therefore, the immersion surface area
was 4 cm?. Samples were abraded up to 1200 emery paper, washed
in distilled water and eventually dried by hot air. Saturated calo-
mel electrode (SCE) and platinum wire were used as reference
and counter electrodes, respectively and electrochemical tests
were conceded by means of ACM instruments automated potentio-
stat (Gill AC).

The CPT values of both alloys were measured in 0.1 M NaCl solu-
tion by potentiodynamic and potentiostatic polarisations. Potentio-
dynamic polarisation measurement was carried out at temperatures
varying from 25 °C (+1 °C) to temperatures in which pitting corro-
sion was observed with a 10 °C increment to obtain the breakdown
potential. Before the measurements, open circuit potential (OCP)
was obtained for 60 min. The potentiodynamic measurement rate
was 0.5 mV s~ !, starting at 50 mV below OCP up to the anodic poten-
tial value at which an abrupt increase in current density occurred.
The sudden current increase was either due to extensive pitting
corrosion or transpassivity dissolution. The potential at which the
current density exceeded 100 pA/cm? was defined as the break-
down potential (E,) [30]. To employ potentiostatic polarisation,
the specimens were polarised at anodic potential of 600 mV/SCE
and temperature was increased by a rate of 0.6 °C/min. The CPT va-
lue was considered as the temperature which current density
reached 100 pA/cm? [31]. To employ EIS as a new method, EIS tests
were performed in 0.1 M NaCl solution at temperatures varying
from 15 °C (z1 °C) to temperatures in which pitting corrosion was
observed with a 10 °C increment. A dc offset potential of 600 mV/
SCE was employed at all the experiments and the magnitude of ac
potential was 15 mV and the frequency ranges from 10 kHz to
3 Hz. Each experiment was repeated for three times to ensure their
reproducibility.
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Table 1
Chemical composition of used alloys (wt%).
C Cr Ni Mo S P Mn Si N Cu Other Fe
DSS2205 0.03 21.61 5.31 3.07 0.0007 0.022 0.97 0.74 03 - <0.5 Bal
20Cr-28Ni 0.05 20.46 28.82 5.05 0.009 0.045 14 0.55 - 0.22 <0.5 Bal

4. Results and discussion
4.1. Potentiodynamic CPT measurements

Potentiodynamic polarisation curves of DSS2205 and
20Cr-28Ni alloys in 0.1 M NaCl at different temperatures are
shown in Fig. 1. Generally, by increasing the temperature from
lower temperatures to higher ones, the passivity current density
increases. For instance in the case of DSS2205, it increased from
2.6 to 4 pA/cm? when temperature increased from 25 to 65 °C,
respectively. In 20Cr-28Ni alloy, by rising the temperature from
15 to 65 °C, the passivity current density (current density corre-
sponding to the 200 mV/SCE) increases continuously from 0.93 to
10 pA/cm?. Moreover, the breakdown potential (potential associ-
ated to 100 pA/cm? anodic current density) decreased. The break-
down potential of DSS2205 decreases from 1200 mV/SCE at 25 °C
to 500 mV/SCE at 65°C and this decrease for 20Cr-28Ni alloy
was from 1200 mV/SCE at 15 °C to 300 mV/SCE at 65 °C. It can be
observed that in 0.1 M NaCl, DSS2205 and 20Cr-28Ni show passiv-
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Fig. 1. Potentiodynamic polarisation results of a) DSS2205 and b) 20Cr-28Ni in
0.1 M Nadl solution at different temperatures.

ity behaviour in the temperature ranges of 25-45 °C and 15-35 °C,
respectively. At 55 °C, increase of current density fluctuations in
passivity domain of DSS2205 is observed and a transition from
transpassivity to pitting corrosion is detected; see Fig. 1. This
behaviour was observed at 45 °C for 20Cr-28Ni. Based on potential
value associated to 100 pA/cm?, the criterion for the breakdown
potential, the pitting potential of ca 970 mV at 55 °C is observed
for DSS2205 and it was ca 700 mV at 45 °C for 20Cr-28Ni. Hence
the passivity domain of DSS2205 (from OCP to breakdown poten-
tial) is decreased from 1300 mV at 45 °C to 690 mV at 65 °C and
similar decreases can be observed for 20Cr-28Ni from 1300 mV
at 35°C to 570 mV at 55°C and 450 mV at 65 °C. In summary,
based on potentiodynamic measurements in various temperatures,
shown in Fig. 2 in DSS2205 alloy, a transition from transpassivity
to pitting corrosion occurs between 45 and 55 °C and this transi-
tion for 20Cr-28Ni was from 35 to 45 °C in 0.1 M NaCl solution.

4.2. Potentiostatic CPT measurement

Fig. 3, represents the results on assessment of CPT of DSS2205
and 20Cr-28Ni with potentiostatic measurement by applying the
600 mV/SCE anodic potential and increasing in temperature grad-
ually. Considering the 100 pA/cm? current density as criteria for
CPT evaluation, it can be seen that the CPT of DSS2205 and
20Cr-28Ni were 60 and 55 °C in 0.1 M NacCl.

The potentiostatic results revealed that the current density
associated to the applied anodic potential decreases at the begin-
ning of the test. This decrease of current density was due to thick-
ening of the passivating film on the surface. This decrease in
current density continued up to almost 40 and 30 °C for DSS2205
and 20Cr-28Ni, respectively. After this potential, the background
current density increases gradually. The minimum background
current density was 1.25 and 2.4 pA/cm? for DSS2205 and 20Cr-
28Ni, respectively. This value for passivity current density is signif-
icantly higher than that of previously reported for passivity current
density of stainless steel [32]. This is because of the shorter time of
experiment and also the effect of temperature and surface area.
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Fig. 2. Breakdown potential vs. temperature for both alloys in 0.1 M NacCl solution
at different temperatures.
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Fig. 3. Potentiostatic polarisation results of DSS2205 and 20Cr-28Ni alloys at
600 mV/SCE in 0.1 M NacCl solution.

By further increase in temperature, at about 47 °C for DSS2205
and 23 °C for 20Cr-28Ni, the metastable pits can be detectable. It is
noticeable that the magnitude of current density of metastable
pitting occurrence on stainless steels is too much lower than the
background current density in this study [32]. In fact, the metasta-
ble pitting occurs at lower temperature and since their magnitude
is lower than that of passivity background current density, they
cannot be detected. At the temperatures higher than 47 °C for
DSS2205 and 23 °C for 20Cr-28Ni, the magnitude of these metasta-
ble pitting occurrence were higher than background current den-
sity therefore they become detectable. Further increase in
temperature increase the magnitude of the metastable pits current
density and they tend to become stable. According to the CPT
determining model, proposed by Laycock et al [6], the CPT is the
temperature in which the critical current density within the pit be-
comes higher than limiting current density due to salt film precip-
itation within the pit. In fact, by rising the temperature both
limiting current density and critical current density increases.
While, the pit current density of metastable pit is lower than lim-
iting current density due to salt precipitation, the metastable pit is
repassivated. This shows itself as an individual metastable pitting
occurrence in potentiostatic results in which after an increase in
current density, it suddenly decreases to the passivity current den-
sity. It means the pit solution chemistry is not high enough concen-
trated of metal cations for salt film precipitation. When the pit
current density becomes higher than that of limiting current den-
sity, the pit propagates continuously and becomes stable. This
shows itself as a continuous increase in current density of poten-
tiostatic results, revealing stable pitting occurrence.

By looking to the presented results of potentiostatic and poten-
tiodynamic polarisation methods, it is clear that there is about
10-15 °C difference between the results of potentiostatic polarisa-
tion and potentiodynamic polarisation for both alloys. This is be-
cause of the difference between the origins of these two types of
CPT measurement methods. In the case of potentiostatic measure-
ments, an applied anodic potential in passivity domain of alloy
produces an integrated passivity on the entire surface and this pas-
sivity was modified by further increase in temperature below the
CPT of alloy. Hence, the breakdown of thicker passivity occurs at
higher temperatures.

4.3. CPT measurement by EIS method

Fig. 4 shows the EIS results of DSS2205 and 20Cr-28Ni in 0.1 M
NaCl solution at applied anodic potential of 600 mV/SCE in the

frequency range of 10000-3 Hz. Fig. 4 shows that by rising the
temperature, the diameter of depressed semi circle decreases.
The equivalent circuits which are used for modelling the EIS results
are shown in Fig. 5 and the extracted parameters according to the
model is presented in Table 2. As it can be seen, at lower temper-
atures, the Nyquist plots contain only a simple randel-like feature
which is attributed to the passive surface. In these models constant
phase element (CPE) is used for more accurately analysing of
impedance behaviour of the electric double layer. The impedance
of the CPE is expressed as [33]:

Zcepg = P71 (l.(l))in (1)

where P is the magnitude of the CPE; w the angular frequency; n as
the deviation parameter (0.5 < n <1 which is dependent on the
surface morphology).

For a circuit including a CPE, the double layer capacitance (Cy;)
can be calculated from CPE parameter values P and n using the fol-
lowing expression [34].

Car = PV"R, " (2)

At the temperatures above the CPT in which stable pits are
formed on the surface, the equivalent circuit defers with that of
lower temperatures as it was shown in Fig. 5. In these circuits there
is three more element due to stable pits on the surface named as
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Fig. 4. EIS result of a) DSS2205 and b) 20Cr-28Ni at different temperatures and
applied anodic dc potential of 600 mV/SCE.
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CPEpit, Rpir and R; which are the double layer formed at interface
between surface and solution in pit, charge transfer resistance
related to pit and the pit solution resistance, respectively.

Fig. 6 shows the proposed equivalent circuit of the surface prior
(Fig 6a) and after stable pit formation (Fig. 6b). When stable pits
are formed, the surface is separated in two distinguishable parts
i.e. passive surface and pitted area. At the passive surface, the pro-
posed circuit is similar to the lower temperatures. However, at the
presence of stable pit on the surface, a new physical element (sta-
ble pit) which is parallel to the passive surface is added. Two stable
pit resistances, pit charge transfer resistance (Rpit), and pit solution
resistance (R;), are defined (Fig 6b). At this circumstance, for calcu-
lation of the pit double layer capacitance, the value of pit charge
transfer resistance, Rpit, using Eq. (2) is used.

As it can be seen from Table 2 for both materials at all tempera-
tures, by rising the temperature, charge transfer resistance
decreases, P-value increases and n-value also decreases. For temper-
atures below CPT, the decrease in Rp,ss may be attributed to the
increase in ions diffusion through the passive layer which indicates
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increasing the defects on the passive film. In addition, decrease of
n-value shows the destructive effect of temperature on the homoge-
neity of passive layer. In addition, while there is no stable pit on the
surface, the capacitance of double layer has increased.

Considering the Helmholtz model of the surface film capaci-
tance, it is defined that the capacitance is inversely proportional
to the surface film thickness [33,35]:

&

Cy= TS 3)

Table 2
Obtained results of EIS method at 600 mV/SCE, for DSS2205 and 20Cr-28Ni alloys in 0.1 M NaCl solution at different temperatures.
Type of steel T (°C) Rpass (©Q cm?) Rpi¢ (Q cm?) Ri (Q cm?) CPEpass parameters CPEpass (1F/cm?) CPE,;; parameter CPEpi (UF/cm?)
P (uF/cm?) n P (uF/cm?) n
DSS2205 25 37500 - - 38.9 0.88 40.96 - - -
35 34500 - - 40.7 0.87 42.82 - - -
45 32500 - - 41.7 0.86 43.82 - - -
55 26000 - - 50.4 0.83 53.27 - - -
60 20650 740 370 38.0 0.93 37.31 20.1 0.92 13.94
65 19850 685 350 29.7 0.90 28.01 18.0 0.89 10.46
20Cr-28Ni 15 48000 - - 23.2 0.90 2348 - - -
25 46000 - - 36.0 0.84 39.63 - - -
35 45000 - - 45.0 0.84 51.47 - - -
45 32000 - - 54.0 0.79 62.45 - - -
55 24000 920 500 39.8 0.89 39.58 375 0.82 17.91
65 22000 80 85 28.2 0.90 26.74 19.6 0.99 18.36

Fig. 6. Proposed model for the equivalent circuit on the surface a) below CPT b) above CPT.
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where d is the thickness of the film, S is the surface of the electrode,
&% is the permittivity of the air, and ¢ is the local dielectric constant.
This increase in double layer capacitance of passive layer below CPT
is attributed to the decrease in double layer thickness due to the
increase of passive layer defects.

As it was mentioned above, the CPT can be considered as the
temperature in which there is a sharp decrease in Reota. At temper-
ature lower than the CPT, the value of Ry is equal to Rpass.
Whereas at temperatures above the CPT, Ry is calculated by
the following equation

R _ (Rpit + Ri)-Rpass
total — (

—— T 4
Rpit + Ri + Rpass) ( )

Fig. 7 shows the change in the Ry, values (calculated from the
data in Table 2) vs. temperature for both investigated alloys. As it
can be seen, for DSS2205, this sharp decrease occurred at temper-
ature between 55 and 60 °C. The decrease in breakdown potential
for 20Cr-28Ni begins at 45°C and then continues to decrease
sharply to 55 °C. It is proposed that the CPT value for 20Cr-28Ni
lies between 45 and 55 °C. Considering other results of other
techniques i.e. potentiostatic and potentiodynamic polarisation
methods, it can be seen that the results obtained by EIS method
show close correlation with results of other two techniques. These
comparable results show that the EIS can be suitably used as the
method of determination of CPT of stainless steels. In addition,
since this method is used at high frequencies (10000-3 Hz), it is
a fast method for CPT determination. Additionally, unlike the
potentiostatic polarisation method in which passive layer was
modified at lower temperatures, in this method, at the tempera-
tures above the CPT, the alloy was immediately subjected to the
pitting condition. As a consequence, the CPT results of the EIS
method can be considered as more reliable results. In fact, as it
mentioned in Section 2, there are two ways for subjecting the alloy
to higher potentials than its normal corrosion potential in neutral
environment. One of them was polarisation with the additional
dc potential and the other one is choosing an oxidising solution
(e.g. 10% FeCls). In this new method, the additional dc potential
was used. The reason of using this additional potential was to
immediately subjecting the alloy to pitting condition.

5. Conclusions

In this study a new method for determination of CPT of stainless
steels based on EIS method has been proposed and the following
results were obtained:

1. The measured CPT value of DSS2205 and 20Cr-28Ni by poten-
tiodynamic polarisation method were at temperature between
45-55 °C and 35-45 °C, respectively and potentiostatic polari-
sation method gives values of 60 and 55°C for CPT of
DSS2205 and 20Cr-28Ni, respectively.

2. The EIS method can be used as an alternating method for mea-
suring the CPT of stainless steels. At the temperatures in which
pitting corrosion occurs, the charge transfer resistance
decreases significantly.

3. The CPT value of DSS2205 and 20Cr-28Ni measured by EIS
method is between 55-60 °C and 45-55 °C, respectively which
are close to the values determined by the two previous methods
specially potentiostatic ones.

4. EIS results revealed that the double layer capacitance in tem-
peratures below the CPT increases by increasing the tempera-
ture. This increase in double layer capacitance is attributed to
the decrease in double layer thickness due to the increase of
passive layer defects.
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