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In this research, the effect of solution annealing temperature on critical pitting temperature of DSS 2205
in 3.5 wt.% NaCl solution and also the pit chemistry is studied using electrochemical methods and mech-
anistic analyses. Pencil electrode studies revealed that in comparison to samples solution annealed at
1050 �C and 1150 �C, maximum current density in simulated pit solution is increased and limiting cur-
rent density in presence of salt film is decreased for alloy solution annealed at 1250 �C. Based on these
results and microscopic observations, lower CPT of DSS 2205 solution annealed at 1250 �C is explained.
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1. Introduction

Pitting corrosion is one of the most intensive types of localised
corrosion which have received considerable attention in the litera-
ture [1–10]. It is known that pitting corrosion occurs in three
consecutive stages including pit initiation, metastable pitting and
stable pit growth [11]. Earlier works [1,10,12–17] have accounted
the presence of salt film at the bottom of dissolving pit to be a
required factor for sustaining pit growth. In this stage, the dissolu-
tion rate is controlled by diffusion of metal cations through the salt
[12] and is independent of applied potential [16,18]. Considering
Fick’s first law, diffusion controlled limiting current density is
calculated as below:

ilim ¼
n � F � D � CS

d
ð1Þ

where ilim is limiting current density, d is pit depth, and CS is metal
cation saturation concentration essential for the metal salt to
precipitate at the pit bottom. Other characters namely n, F, and D,
are metal cations valance, Faraday’s constant and metal cations
diffusivity, respectively [16].

Investigations on the composition of metal salt precipitated at
the bottom of pits formed on the surface of Fe–Cr–Ni stainless
steels in chloride solutions have revealed that FeCl2 is the major
constituent of the salt film [19], while chloride salts of other
elements except Mo [20] are also presented in their stoichiometric
proportion existed in the bulk alloy [18].

One of the factors used for ranking the resistance of stainless
steels to pitting corrosion is the critical pitting temperature (CPT)
below which stable pitting does not take place [21,22]. Because
of the large applications of duplex stainless steels (DSSs) in marine
and petrochemical industries, the CPT of this type of stainless
steels has been widely investigated [23–27]. Duplex stainless
steels are high pitting resistance alloys which comprise ferrite
and austenite simultaneously and contain high amount of key ele-
ments in corrosion resistance (Cr, Mo and N) [28]. To offer the
favourable properties, this type of stainless steel is mainly solution
annealed at a temperature above 1000 �C. Solution annealing at
these temperatures yield a microstructure free of isothermal sec-
ondary phases [29]. Since subjecting to thermal cycles like welding
could change ferrite/austenite phase fraction and also may lead to
microstructural alterations, many investigations have been con-
ducted on the influence of annealing temperature on CPT of duplex
stainless steels [25,30]. Investigating the chemical composition of
phases in different annealing conditions, several researchers have
related the CPT to the PREN (pitting resistance equivalent number)
of weakest phase [23,30–32], which itself is related to the content
of three most essential elements, i.e. Cr, Mo and N [33,34]. Some
literature have related the CPT of DSSs to the influence of precipi-
tation of chromium nitride as the secondary phase formed in the
microstructure during the solution annealing heat treatments
through the fast cooling from higher temperatures [25,35–39]. It
is believed that the deleterious effect of chromium nitride on
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localised corrosion of duplex stainless steels is due to the depletion
of Cr from proximity of precipitations [40].

The large number of evidences suggest that pitting corrosion is
controlled by factors relating to pit growth stability [41] and CPT is
defined as a temperature below which transition from metastable
to stable pitting could not be occurred at any potential [42,43].
Many researchers have investigated stable dissolution kinetic of
pits by means of pencil electrodes to gain a better understanding
of a single pit growth [12,14–16,44]. They used pencil electrode
technique to create a single pit and avoid random pits occurrence
on the investigated surface. Salinas-Bravo and Newman [45] sug-
gested a new method of measuring CPT based on inability of metal
to dissolve with sufficiently high rate to supply a localised chemis-
try. They introduced CPT as a temperature at which the limiting
current density at the presence of salt film at the pit bottom (ilim)
and the maximum current density before passivation (imax) have
the same values. According to this CPT definition, at temperatures
below CPT, due to occurrence of passivity, the local concentration
of aggressive anions could not be supplied at the pit. At tempera-
tures above CPT, salt film precipitation prohibits necessary condi-
tions for passivation and pit could be sustained [46].

Moayed [47] employed pencil electrode method to investigate
the correlation between CPT of 904L SS and pit solution in presence
of sulphate ion. Addition of sulphate has found to have a detrimen-
tal effect on CPT. Their investigation revealed that addition of sul-
phate decreases the saturated concentration of metal cations (CS)
within the pit solution. Lately, using 50 lm pencil electrode, it is
shown that thiosulphate has the same effect on the saturation con-
centration of metal cations within the pit solution in 316 stainless
steel [48]. Recently, Zakeri and Moayed [49] studied the effect of
nitrate ion on CPT of DSS 2205 using 80 lm pencil electrode. They
demonstrated that, in presence of nitrate ion, limiting current den-
sity in presence of salt film increases and the maximum current
density decreases, which lead to an improve in CPT. The effect of
different anions on the pit chemistry [47–52] and also the effect
of solution annealing temperature on the PREN and their correla-
tion with CPT [23,25,30,36,39,53,54] were extensively investi-
gated. However, the effect of microstructural alteration on the pit
chemistry and its corresponding effect on the critical pitting tem-
perature (CPT) has not yet been studied.

In the present work, first the effect of annealing temperature on
CPT of DSS 2205 was assessed in 3.5 wt.% NaCl solution using
potentiodynamic and potentiostatic polarisation methods. Then,
the influence of microstructural changes on the CPT was studied
using 2205 DSS pencil electrode based on the mechanistic point
of view that how a change in the maximum current density and
the limiting current density may lead to a shift in CPT. For this pur-
pose, the saturation concentration of metal cations was assessed for
alloy solution annealed at 1050 �C and 1250 �C. After that, the ano-
dic dissolution of solution annealed samples was evaluated by
potentiodynamic polarisation of samples in simulated pit solution.
The investigation on the effect of solution annealing temperature
on the PRE number of DSS 2205 was not interested in this research.

2. Experimental procedure

2.1. Materials and electrode preparation

For all electrochemical investigations and metallographic
examinations, UNS S32205 duplex stainless steel supplied in
wrought form, was used. The alloy composition was as listed in
Table 1. To measure CPT, rod-shaped samples were machined from
a thick plate, then were solution annealed at 1050 �C, 1150 �C and
1250 �C for 45 min, afterwards water quenched immediately. To
make the electrical connection, the other end of each bullet elec-
trode was connected to a shielded copper wire which was inserted
into a rigid plastic tube. Before each test, working electrode was
ground from 60 to a 1200 grit finish and then rinsed with deionised
water followed by drying with warm air. After each test, precise
inspections were performed using a stereo microscope to confirm
that only definite pitting was occurring. The immersed surface of
working electrodes was at least 4 cm2.

In mechanistic studies, pencil electrode technique was
employed. Pencil electrodes were prepared by drawing the wires
(with 0.4 � 0.4 mm2 square cross section) cut from the bar into
250 lm diameter wires. After that, samples were solution annealed
at 1050 �C and 1250 �C for 30 min and water quenched. After-
wards, 200 lm dia. and also 80 lm dia. pencil electrodes were pre-
pared by electropolishing the 250 lm dia. wires in 70% phosphoric
acid solution to study the effect of solution annealing temperature
on imax and ilim, respectively. The wire specimens were mounted in
an epoxy resin with one cross-sectional surface exposed to 3.5 wt.%
chloride solution. Before each test, the exposed surface was ground
to 60 grit to increase the probability of pit initiation at more
occluded sites [46], then rinsed with deionised water and finally
dried with warm air.

For microscopic observations, 10 mm � 10 mm flat samples
were prepared. The heat treatment process was the same as what
applied for rod-shaped samples. Then, grinding was performed
using silicon carbide papers of 60–2000 grit size and specimens
were electro-etched in 20 N KOH etching solution at 2 V for 10 s
after being polished by 0.3 lm alumina paste. Image analysis
was applied using MIP™ software to quantify the effect of solution
annealing temperature on the phase fraction of austenite and fer-
rite phases. Further metallographic examination was performed
after electro-etching in glyceregia reagent which darkens second-
ary phases like carbide and nitride [55]. Identification of the sec-
ondary phase in sample solution annealed at 1250 �C was
performed using a field emission secondary electron microscope
equipped with energy-dispersive X-ray spectrometer (EDS). For
this purpose, sample were polished, electro-etched in 40% HNO3

at 1 V for 2 min, and then at 0.75 V for 7 min [56].

2.2. Electrochemical procedures

All electrochemical polarisation experiments were conducted
using a Gill AC automated potentiostat (ACM Instruments). The
solutions were prepared with deionised water and analytical grade
chemicals. Electrochemical cells were composed of platinum coun-
ter electrode and a saturated calomel electrode (SCE) as a reference
electrode. All potentials quoted in this work refer to SCE. Before
each test, the sample was allowed to stabilise at open-circuit
potential in investigated solution.

Critical pitting temperature evaluations on DSS 2205 solution
annealed at different temperatures, were performed in 3.5 wt.%
NaCl medium. The pure nitrogen gas (N2) was purged into the test
solution from 30 min before starting each test and was continued
during the test at the top of the solution. Potentiodynamic polarisa-
tion measurements were conducted at temperatures between 25 �C
and 75 �C with 10 �C intervals by sweeping the potential from
50 mV below the rest potential, at a given scan rate (0.5 mV s�1) till
the current density exceeded 300 lA cm�2. The potential at which
current density began to increase, was considered as the break-
down potential (Eb) [46]. The temperature at which the value of
Eb decreased dramatically, considered as the CPT [26,46,56]. Poten-
tiostatic polarisation method used for CPT determination was
involved polarisation of sample at 650 mV (SCE) in the 3.5 wt.%
chloride solution and increasing the solution temperature at a rate
of 0.6 �C min�1. Each test continued until the current density
exceeded 200 lA cm�2 and temperature at which current density
begins to increase, was considered as the CPT [46]. Each test was
repeated at least three times to ensure reproducibility of data.



Table 1
Chemical composition of experimented DSS 2205.

Element C Cr Ni Mo V P W Mn Si N Fe

wt.% 0.023 21.6 5.3 3.1 0.136 0.02 0.064 1.18 0.5 0.15 Bal.
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For creating a single corrosion pit and measuring the current
density associated with individual pit, 80 lm dia. pencil electrodes
were exposed to the medium with face upward to avoid venting of
precipitated salt. Then, electrodes were potentiostatically polarised
at 850 mV (SCE) in 3.5 wt.% NaCl solution at 65 �C. After that, poten-
tial was ramped to the passive region potentiodynamically at a
sweep rate of 1 mV s�1. Because of low probability of pit initiation
at temperatures close to the CPT due to small size of the specimen
[57], test temperature and potential was selected greatly above the
CPT and pitting potential that was obtained for DSS 2205. Since we
had to consider the same pit depth for each single pit created in
pencil electrode studies, and because the pit depth is dependent
on the charge flows during the formation of single pit in the initial
times of the experiment; so, it is impossible to create single pits
with the exact same pit depth. To eliminate the effect of pit depth,
we created the pits with a depth in the range of 540–720 lm.

Finally, maximum current density at various temperatures was
assessed by means of potentiodynamic polarisation test using
200 lm dia. pencil electrodes in 5 M HCl solution as the simulated
pit solution [58]. The specimens were placed in an electrochemical
cell with the exposed faces upwards. After obtaining stable condi-
tion, polarisation curves were recorded at a sweep rate of 5 mV s�1.
Each test was repeated 5 times under the identical conditions.

3. Experimental results

3.1. Morphology observation analysis

A microscopic inspection of steel solution annealed at various
temperatures was undertaken to find some clues to the outcome
of solution annealing treatment temperatures on the microstruc-
tural features. Fig. 1 shows the microstructure obtained from DSS
2205 solution treated at 1050 �C, 1150 �C and 1250 �C. The micro-
structures show austenite islands (white region) in a continuous
ferrite matrix (grey region) [23,59]. As observed, a progressive
increase in ferrite phase volume fraction occurs as solution anneal-
ing temperature increases. Image analysis conducted using MIP™,
revealed that ferrite fraction increases from 46% in sample solution
annealed at 1050 �C to 55% and 68% for samples solution annealed
at 1150 �C and 1250 �C, respectively. To investigate whether any
secondary phase exists in the microstructures, specimens were
etched with glyceregia etchant, which darkens the secondary
phases like carbide and nitride [55]. As it is clear in Fig. 2a and b,
there is no evidence of secondary phase precipitation in the micro-
structure of specimens that were solution annealed at 1050 �C and
1150 �C. However, precipitations appear as dark specks in the
micrograph of sample quenched from 1250 �C. This secondary
phase is observed mainly in the interior of ferrite region with some
distance from austenite grains (see Fig. 2c).

The Fe-SEM image of this phase is shown in Fig 3a. The result of
analysis of the composition of the black needles and the ferritic
matrix by energy dispersive spectroscope (EDS) connected to the
Fe-SEM are shown in Fig. 3b and c.

3.2. Effect of annealing temperature on the CPT

3.2.1. Potentiodynamic polarisation
Fig. 4 shows the potentiodynamic polarisation results of solu-

tion annealed DSS 2205 samples in 3.5 wt.% NaCl solution at differ-
ent temperatures. It can be seen that pitting corrosion potential
(Epit) and the passivity region of alloy in all annealing conditions
decreases with increase in test temperature.

The plots of breakdown potential (Eb) vs. temperature, obtained
from polarisation curves are illustrated in Fig. 5. It is obvious that
the breakdown potentials of specimen solution annealed at
1050 �C and one solution annealed at 1150 �C range from ca.
1100 mV (SCE) to ca. 1020 mV (SCE) at temperatures between
25 �C and 45 �C. By increasing the solution temperature above
45 �C, the breakdown potentials continue to decrease. At 55 �C,
the value of Eb of sample solution annealed at 1050 �C and one solu-
tion annealed at 1150 �C decreases to ca. 715 mV (SCE) and ca.
680 mV (SCE), respectively. The sudden drop in Eb values at temper-
atures between 45 �C and 55 �C indicates that, for samples solution
annealed at 1050 �C and one solution annealed at 1150 �C, transi-
tion from transpassivity to pitting corrosion takes place at this tem-
perature range (not necessarily at the same temperature). It is
shown in Fig. 5 that breakdown potential of alloy solution annealed
at 1250 �C, decreases from ca. 1075 at 35 �C to ca. 750 mV (SCE) at
45 �C. Thus, it can be concluded that pitting corrosion occurs at a
temperature between 35 �C and 45 �C. By increasing the tempera-
ture, breakdown potential of alloy solution annealed at 1250 �C
decreased to ca. 490 mV (SCE), 290 mV (SCE) and 210 mV (SCE) at
temperatures of 55 �C, 65 �C, and 75 �C, respectively. At tempera-
tures above 45 �C, the breakdown potential of sample solution
annealed at 1250 �C is obviously lower compared to two other spec-
imens. In summary, based on potentiodynamic measurements at
various temperatures (see Figs. 4 and 5), subjecting the specimen
at 1150 �C causes no significant change in the pitting potential com-
pared to solution annealing at 1050 �C. whilst, it is evident that
solution annealing at 1250 �C leads to a decrease in breakdown
potential in comparison to other examined solution annealing con-
ditions and solution annealing at 1250 �C decreases the CPT to a
value between 35 �C and 45 �C.

3.2.2. Potentiostatic polarisation with rising temperature
Fig. 6 represents a typical current density vs. temperature curves

obtained from potentiostatic CPT assessment for DSS 2205 solution
annealed at various temperatures in 3.5 wt.% NaCl solution. Meta-
stable current transients providing information on the initiation
stage of pitting corrosion were observed in lower temperature for
specimen solution annealed at 1250 �C when compared to other
solution annealed samples. The temperature at which current den-
sity begins to increase (the temperature associated with the onset
of stable pitting) was considered as CPT. As observed, the critical
pitting temperature of specimens solution annealed at 1050 �C
and 1150 �C are around 58 �C. The CPT of sample solution annealed
at 1250 �C is approximately 51 �C that is 7 �C lower in comparison
with the CPT of other solution annealed specimens.

3.3. Pencil electrode studies

3.3.1. Under salt film dissolution behaviour
Pencil electrode studies were performed to assess the effect of

solution annealing temperature on the chemistry of pit solution
and pit propagation stage. This experiment was involved two con-
secutive steps. Fig. 7 illustrates a typical current density response
of alloy in 3.5 wt.% NaCl solution at 65 �C to the potentiostatic
polarisation at a constant potential of 850 mV (SCE) and also
potentiodynamic polarisation to the passive region with sweeping
rate of 1 mV s�1. At the initial part of the first step, curve shows a



Fig. 1. Optical micrographs of DSS 2205 solution annealed at (a) 1050 �C, (b) 1150 �C, and (c) 1250 �C, etched in KOH, showing ferrite (dark region) and austenite (bright
region) phase.
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sharp spike due to the formation and the coalescence of stable pits
followed by a decrease in the current density and then a plateau
region [60]. It should be noted that polarisation data with nonstan-
dard shape or which represented a deviation from Fick’s first law or
include an extremely noisy current density–time part were not
used for analysis. It also worth noting that fluctuations observed
in the plateau region, are real and reproducible and could be attrib-
uted to the local activation and repassivation under the salt layer
[60].

The proportion of current density with time seems to be under
diffusional control, similar to those reported by Tester and Isaacs
[16]. Neglecting the migration and convection parts of mass trans-
port, pit depth (d) (the depth of which embedded wire has dis-
solved) was calculated using Eq. (2) by measuring the total
charge passed during the curve of current density vs. time [13].
d ¼ Mw

n � F � q

Z
i � dt ð2Þ

Making the assumption that the metal components of the alloy
are oxidised to Fe2+, Cr3+, and Ni2+ during dissolution, it is thus jus-
tified to assume that the mean value of oxidation state of cations
(n), average atomic weight (Mw), and average atomic density (q)
are 2.23, 55.2 g, and 7.87 g cm�3, respectively.

After holding the electrode at the potential of 850 mV (SCE) and
growing the pit for a given time (shown as step 1 in Fig. 7), diffu-
sion limiting current density was measured by reverse scanning of
potential to the potential at which passivity could be established
again. Considering step 2 in Fig. 7, ramping the potential from
point (a) to the lower values does not change the current density
relation with time, which is an indication of the fact that pit still
grows under the diffusion control at the presence of salt film
[12]. However, reducing the potential causes salt film thickness
to decrease in this region [61]. Once the potential reaches to the
value which cation concentration reaches below the saturated con-
centration (CS), precipitated salt would not be longer stable.
Thereby, the metal salt film would be destroyed and afterwards
the pit bottom will be salt film free. This event results in an
ohmic/activation control regime to be established [51]. In this
region, current density decreases linearly with potential. The cur-
rent density at which diffusion control dissolution is disrupted cor-
responds to CS and is called limiting current density (ilim). At this
stage, pit still continues to grow until the composition of the pit
electrolyte is such that repassivation is possible. By lowering the
potential, the metal ions concentration reduces to a value below
the critical concentration of cations necessary to stable pit growth
(C⁄) and thereby repassivation occurs.

Combination of Eqs. (1) and (2) leads to the linear relation
between second power of pit depth and time (Eq. (3)) indicating
that in diffusional controlled condition.
d2 ¼ Mw � D � CS

q
� t ð3Þ

Fig. 8 depicts the variation of d2 against time extracted from the
plateau region of Fig. 7. It can be seen that the square of pit depth
increases linearly with time, which confirms the existence of diffu-
sion controlled regime in the plateau region. Furthermore, assum-
ing identical values of Mw and q for all samples with different
solution annealing treatments, the slope of variation of d2 against
t is proportion to D � CS. The decreased slope attributed to the alloy
solution annealed at 1250 �C implies that compared to the alloy
solution annealed at 1050 �C, the value of DCS is lower in sample
solution annealed at 1250 �C.

Fig. 9 compares the limiting current densities (ilim) of solution
annealed samples at various pit depths. The current density at
the potential which salt film was dissolved is considered as the
limiting current density. In the range of calculated pit depth



Fig. 2. Optical micrographs of DSS 2205 solution annealed at (a) 1050 �C, (b) 1150 �C, and (c) 1250 �C, etched in glyceregia, showing no secondary phases in the
microstructure of alloy solution annealed at 1050 �C and 1150 �C and being an evidence for the existence of the secondary phases in ferritic region in the microstructure of
sample solution annealed at 1250 �C.
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(540–720 lm), the value of ilim is between 201 mA cm�2 and
224 mA cm�2 for the sample solution annealed at 1050 �C. In com-
parison, for sample solution annealed at 1250 �C, the value of ilim
was lower and was found to be in a value between 160 mA cm�2

and 178 mA cm�2.
Obtained limiting current densities (shown in Fig. 9) were used

for determination of the saturation concentration of cations in
pit anolyte via Fick’s first law (Eq. (1)). Considering the value of
10�5 cm2 s�1 as the average diffusion coefficient [11,51] and
based on the values of DCS presented in Fig. 10, saturation
concentration of alloy solution annealed at 1050 �C was between
5.7 � 10�3 mol cm�3 and 7 � 10�3 mol cm�3, while the value of CS

was between 4.5 � 10�3 mol cm�3 and 5.4 � 10�3 mol cm�3 for
sample solution annealed at 1250 �C.
3.3.2. Active pit dissolution
The effect of solution annealing temperature on active dissolu-

tion of DSS 2205 solution annealed at 1050 �C and 1250 �C was
investigated by potentiodynamic examination in 5 M HCl media
at various test temperatures using 200 lm pencil electrode. 5 M
HCl medium with a high concentration of aggressive anions and
with a very low pH (in a range of pH �0.13 and 0.80 [62]) is an
appropriate choice for simulating the pit anolyte in initial stage
of pitting. Because of high dissolution rate of alloy in this solution,
a condition similar to pit environment is produced by metal
cations in contact with the surface [58].
Typical anodic polarisation curves for alloy solution annealed at
1050 �C and 1250 �C at different temperatures are illustrated in
Fig. 11a and b, respectively. Similar active dissolution kinetics with
rather different maximum current density was observed for alloys
in both solution annealing conditions. Current density response to
the potential scanning at different temperatures are grouped into
three categories. Active dissolution of samples followed by surface
passivity is evident at temperatures below 55 �C. At temperature of
55 �C, a tendency to passivity is observable, however salt film pre-
cipitation leads to diffusion controlled dissolution. It can be seen
that current density is under diffusion controlled at higher
temperatures.

Each test was repeated at least five times and the average val-
ues of maximum current densities (imax) were plotted vs. temper-
ature (Fig. 12). At low temperatures, the imax value of both alloys
linearly increases with temperature. This trend is changed at tem-
perature between 45 �C and 55 �C for sample solution annealed at
1050 �C, while the change in linear behaviour of imax vs. time for
sample solution annealed at 1250 �C happens at a temperature
between 35 �C and 45 �C which implies to salt film precipitation.
In fact, precipitation of salt prevents the current density to reach
the maximum value at these temperatures. Therefore, the linear
trends of imax – temperature were extrapolated to higher tempera-
tures for approximation of the maximum current density at ele-
vated temperatures.

Comparing the results of maximum current densities depicted
in Fig. 12, it is apparent that solution annealing at 1250 �C leads



Fig. 3. (a) The SEM micrograph of sample solution annealed at 1250 �C. (b) The EDS spectra of the secondary phase. (c) The EDS spectra of the ferritic matrix.
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to an increase in the value of maximum current density. In addi-
tion, in compare with alloy solution annealed at 1050 �C the slope
of imax vs. temperature curve for alloy solution annealed at 1250 �C
is increased.

4. Discussion

The CPT measurement results showed that the CPT of alloy
solution annealed at 1250 �C is reduced compared to others. How-
ever, no change was observed between the CPT of sample solution
annealed at 1050 �C and sample solution annealed at 1150 �C.
Since in both samples, the ferrite/austenite phase fraction is chan-
ged compared to the ferrite to austenite fraction obtained from
sample solution annealed at 1050 �C, it cannot be claimed that
the lower CPT of sample solution annealed at 1250 �C is directly
related to the increase in ferrite/austenite proportion. Scanning
electron microscopy revealed that chromium nitride phase are
formed in the ferrite region in sample solution annealed at
1250 �C. Many researchers has identified the precipitation of chro-
mium nitride phase during fast cooling from high temperatures in
duplex stainless steels [23,25,35,38–40,53,63]. The only phase that
is reported to be precipitated during non-isothermal treatment is
the chromium nitride phase which called quenched-in nitrides
[64]. They reported that no secondary phase is thermodynamically
stable at temperatures above 1000 �C. When the ferrite content is
high enough and cooling rate is too much for the nitrogen to reach
austenite, due to difference in solubility of nitrogen in ferrite and
austenite, the amount of nitrogen in ferrite exceeded the nitrogen
solubility limit in this phase [23] and nitrogen has insufficient time
to partition in the austenite, and consequently intense precipita-
tion of chromium nitride occurs in the interior of the ferrite grains
(in some distance from austenite) [65] as observed in the micro-
structures shown in Figs. 2c and 3.

The lower CPT for the alloy solution annealed at 1250 �C could be
explained basically due to the presence of chromium nitride phase in
the microstructure of alloy in this annealing condition. Deterioration
in pitting corrosion resistance of 2205 DSS in presence of chromium
nitride precipitation has been previously reported [40]. Chromium
has the main role in passive layer formation in stainless steels
[66]. Depletion of Cr in the region adjacent to chromium enriched
particles can create an area with a weak passive layer [67,68] and
consequently leads to the lower CPT of alloy rapid quenched from
1250 �C. In addition, secondary phases (considered as chromium
nitride), could be as the active sites of pit initiation [25,53,54]. So,
when alloy exposed to aggressive solutions, austenite/ferrite inter-
faces acts as the preferential sites for pit initiation. Thus, both pitting
corrosion resistance and CPT of 2205 alloy decreases due to precip-
itation of chromium and nitrogen rich phase through solution
annealing at 1250 �C. Furthermore, in literature, the effect of solu-
tion annealing temperature on the CPT was explained based on the
PREN (pitting resistance equivalent number) of phases. It is reported
that PREN of the ferrite phase decreases with the increase in the
solution annealing temperature due to the uneven partitioning of
alloying elements between ferrite and austenite phase [23,25,69].
Since the weaker phase controls the alloy susceptibility to pitting
corrosion, ferrite phase of alloy subjected to high solution annealing



Fig. 4. Potentiodynamic polarisation curves of DSS 2205 solution annealed at (a) 1050 �C, (b) 1150 �C, (c) 1250 �C, in 3.5 wt.% NaCl solution at different test temperatures.
Potential sweep rate was 0.5 mV s�1.

Fig. 5. Breakdown potentials against temperature for DSS 2205 solution annealed
at various temperatures, obtained from the potentiodynamic polarisation in
3.5 wt.% NaCl solution. Potential sweep rate was 0.5 mV s�1.
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temperatures becomes the preferential phase to pit initiation. Sub-
sequently, the pitting corrosion occurs at lower temperatures (i.e.
lower CPT). However, the calculation of PREN and the relation
between CPT and PREN was not interested in this research.

Pencil electrode studies were performed in 3.5 wt.% NaCl
solution at 65 �C to understand how pit chemistry alters due to
solution annealing.
Once single pit is created due to the coalesce of small pits gen-
erated on the pencil electrode surface, the current density begins to
decrease as a result of salt precipitation at the pit bottom and then
becomes under the diffusion controlled of the metal cations dis-
solving through the metal salt. The results obtained from pencil
electrode studies revealed that for sample solution annealed at
1250 �C, the limiting current density (ilim) and correspondingly
the saturation concentration of metal cations essential for the
metal salt to precipitate at the pit bottom (CS) is lower in compar-
ison to the sample subjected to 1050 �C.

A probable explanation for lower saturated concentration of
alloy solution annealed at 1250 �C could be based on the presence
of chromium and nitrogen rich secondary phase in the microstruc-
ture of alloy in this annealing condition. Since chromium nitride is
practically noble compare to surrounding phases in duplex stainless
steel [70], so it can be concluded that, this phase would not be dis-
solved during the metal cations dissolution and will enter to the pit
solution in undissolved form. This is the outer opinion that the pres-
ence of chromium nitride in solid form in the pit media could facil-
itate the metal salt precipitation due to the increase in the
preferential sites for metal salt to precipitate. Thus, it can be con-
cluded that salt precipitation at the pit bottom can occur at the
lower metal cations concentrations. In other words, the saturation
concentration of metal cations essential for salt to precipitate at
the pit bottom (CS) is decreased for specimen solution annealed at
1250 �C. The other possible reason should leis on the change of salt
film composition at the pit bottom. However, the metal salt compo-
sition precipitated at the pit bottom formed on the stainless steels



Fig. 6. The results of the evaluation of CPT of DSS 2205 by potentiostatic
measurement at 750 mV (SCE) in 3.5 wt.% NaCl solution and temperature increasing
rate of 0.6 �C min�1. (a) Typical current density vs. time and (b) the values of critical
pitting temperature of DSS 2205 as a function of solution annealing temperature.
(Error bars show 95% confidence limit.)

Fig. 7. Typical current density vs. time curve of 80 lm dia. pencil electrode (made
from a DSS 2205 wire which was solution annealed at 1050 �C) in 3.5 wt.% NaCl
solution at 65 �C, showing two steps of experiments (step 1: potentiostatic
polarisation at 850 mV (SCE) and step 2: potentiodynamic polarisation at a sweep
rate of �1 mV s�1).

Fig. 8. Square of pit depth vs. time obtained from potentiostatic polarisation test
results for 80 lm dia. DSS 2205 pencil electrode in 3.5 wt.% NaCl solution at 850 mV
(SCE) at 65 �C. Error bars show 95% confidence limit.

Fig. 9. Diffusion controlled limiting current density (ilim) as a function of pit depth
obtained from tests conducted in 3.5 wt.% NaCl solution at 65 �C using 80 lm dia.
DSS 2205 pencil electrodes.

Fig. 10. The values of D � CS as a function of pit depth obtained from test conducted
in 3.5 wt.% NaCl solution at 65 �C using 80 lm dia. DSS 2205 pencil electrodes.
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have been considered as FeCl2 [11,19,49,51], but investigation of
corrosion product during pitting of Fe–Cr–Ni alloys has shown that
all three Cr, Ni and Fe are presence in metal salt precipitated at the
pit bottom in their stoichiometric proportion existed in the bulk
alloy [18]. On the basis that chromium nitride is a Cr rich phase
and does not dissolve during pit dissolution, the presence of this



Fig. 11. Typical potentiodynamic polarisation curves for 200 lm dia. DSS 2205
pencil electrode solution annealed at (a) 1050 �C, and (b) 1250 �C in 5 M HCl
solution at various tem. Scan rate was 5 mV s�1.

Fig. 12. Maximum current density as a function of temperature obtained from
potentiodynamic polarisation curves of DSS 2205 at different solution annealing
conditions, solid lines show the best trend fits and broken lines represent
extrapolated data.

Fig. 13. Schematic graph representing ilim and imax vs. temperature, effect of
decreasing the limiting current density and increasing the critical current density
on deterioration of CPT in DSS 2205 solution annealed at 1050 �C in comparison to
alloy solution annealed at 1250 �C is represented.
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phase could lead to a decrease in the chromium percentage involved
in dissolution and decreases the proportion of chromium chloride in
the metal salt composition. Thus, the metal cations concentration
required for a salt to precipitate is decreased and consequently salt
precipitation would be facilitated. However, further investigation
on the composition of salt film is required to prove the mechanism
involved.

Based on the CPT definition proposed by Salinas-Bravo and
Newman (i.e. the temperature at which the limiting current den-
sity equals the critical current density essential for passivity in
the pit solution) [45] and ignoring the effect of maximum current
density within the pit, a decrease in the value of ilim due to solution
annealing at 1250 �C, leads to a decrease in CPT.

For alloy subjected to 1250 �C, the maximum current density in
simulated pit solution shown to be increased with test solution
temperature more rapidly than alloy which was solution annealed
at 1050 �C. Higher maximum current density of alloy in this solu-
tion annealing condition is possibly attributed to precipitation of
the secondary phase in the alloy microstructure. As discussed
above, chromium depletion occurred due to the secondary phase
precipitation, leads to a decrease in corrosion resistance at the
vicinity of chromium rich precipitates. In addition, the secondary
phase precipitates, act as preferential sites for pits initiation. Thus,
maximum current density which is required to ban active dissolu-
tion and to passive active sites is reasonable to increase in presence
of this phase.

Based on CPT theory introduced by Salinas-Bravo and Newman
[45], an increase in maximum current density aside of the effect of
ilim could be the reason of decreased CPT of 2205 duplex stainless
steel solution annealed at 1250 �C.

Because reproducible data was hard to reach at higher temper-
atures, considering the same increasing trend of diffusion con-
trolled limiting current density (ilim) with temperature, schematic
diagram screening ilim and imax as functions of temperature is illus-
trated in Fig. 13 to understand how changes in value of ilim and imax

due to the solution annealing effect on the CPT value [45].
The results lead to the conclusion that by solution annealing at

1250 �C, the intersection point of ilim and imax (CPT) moves back-
ward respect to another one, and thus, the value of CPT decreases
due to the setback moving of this cross section.
5. Conclusion

The correlation between critical pitting temperature and pit
chemistry of 2205 duplex stainless steel solution annealed at dif-
ferent temperatures was investigated applying electrochemical
evaluations and pencil electrode studies. The results summarised
as below:
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1. Potentiodynamic measurements in 3.5 wt.% NaCl solution
showed that CPT of DSS 2205 solution annealed at 1050 �C
and 1150 �C is a temperature between 45 �C and 55 �C (not nec-
essarily a same temperature). It was revealed that this temper-
ature is decreased to a value between 35 �C and 45 �C for
sample solution annealed at 1250 �C. The CPT values obtained
from potentiostatic polarisation experiments were consistent
with potentiodynamic polarisation results. These experiments
revealed that subjecting to 1250 �C, leads to almost 7 �C
decrease in the CPT of 316 SS.

2. Pencil electrode results revealed that in comparison with sam-
ple solution annealed at 1050 �C, the value of diffusion con-
trolled limiting current density (ilim) and saturation
concentration of metal cations necessary for the metal salt to
precipitate at the pit bottom (CS) is lower for sample solution
annealed at 1250 �C.

3. Potentiodynamic polarisation in simulated pit solution (5 M HCl
media) revealed that the maximum current density within the
pit solution (imax) is higher for alloy solution annealed at
1250 �C.

4. The experimental results support the CPT model suggested by
Salinas-Bravo and Newman. The lower CPT of alloy solution
annealed at 1250 �C is explained by a decrease in the tempera-
ture at which the limiting current density and the maximum
current density are equal.
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