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In this study, the influence of various concentrations of molybdate (MoO2�
4 ) on critical pitting tempera-

ture (CPT) of duplex stainless steel 2205 (DSS 2205) in 0.1 M NaCl solution has been investigated by
employing potentiodynamic and potentiostatic CPT measurements methods. No significant increase in
CPT was observed in the presence of 0.0001 and 0.001 M molybdate. However, addition of 0.01 M
MoO2�

4 increases 10 �C in CPT and pitting corrosion was not observed in solution containing 0.1 M molyb-
date up to 85 �C. Potentiostatic CPT measurements showed CPT values of 68 and more than 85 �C in 0.01
and 0.1 M molybdate concentrations, respectively.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Duplex stainless steels (DSS) having two-phase of austenite–
ferrite microstructure have been paid attention owing to their
outstanding corrosion and mechanical properties in various appli-
cations such as petroleum, gas refineries and marine environments
[1–9]. However, corrosion control is an essential issue from appli-
cation point of view and it has been reported that inhibitors are
needed to be used which act as a barrier to reduce the aggressive-
ness of the environments against the pitting corrosion attack
against stainless steel [3,4,10–14] including DSS [3,4].

The use of molybdate as an inhibitor has been studied for a long
time [15,16] for inhibition of mild steel pitting corrosion [13,14],
304 and 316 stainless steel [11] and Fe–18Cr alloys [12]. Although
some unidentified issues regarding the exact mechanism of molyb-
date corrosion inhibition are still remained, but the general
presume is that molybdate ion affects both the nucleation of meta-
stable and the stable pitting by reducing the numbers and sizes of
pit events on the metal surface especially at the sites of inclusions.
Molybdate ion blocks the reactive site on the surface and reduces
the local acidity at site where they react [12]. Tobler et al. reported
that molybdate ions decrease the number and magnitude of single
current transient observed in the passive region below the pitting
potential. Refaey et al. [13,14] also state that the presence of inor-
ganic molybdate ions prevents pitting corrosion both in sodium
chloride and acidified solution by increasing the pitting potential
to the more noble values.
ll rights reserved.

.
).
Critical pitting temperature (CPT) defines the lowest potential-
independent temperature, below which pitting does not occur
[2,5,17–19]. The principal advantage of the test is the rapidity with
which the CPT can be measured in a single test. Effect of sulphate,
SO2�

4 and ion concentration on CPT in Cl�-containing solutions re-
vealed an accelerating and inhibiting effect of low and high
concentrations of SO2�

4 ion, respectively, on pitting initiation based
on the mechanism of ions-competitive adsorption between SO2�

4

and Cl� ions [21]. The addition of sulphate to NaCl solution stabi-
lizes pit growth despite the increase in pitting potential [22].
SO2�

4 ions can lower the CPT by promoting pits growth over the
range of potentials below that normally used for CPT evaluation.
The lacy metal that covers over the pit has a finer pore structure
with sulphate present, because passivation is easier in the pit solu-
tion [23,24]. However, to date, studies focusing on the inhibiting
effect of molybdate on pitting corrosion and particularly CPT of
2205 DSS in Cl�-containing solutions are rarely reported. In the
present research, by utilizing microscopic examination, potentio-
dynamic and potentiostatic polarisation and standard CPT mea-
surements, the beneficial influence of molybdate ion on 2205
DSS in 0.1 M NaCl, will be discussed.
2. Materials and experimental methods

The specimens were 2205 DSS plates with 30 mm thickness and
chemical composition analysis of (in wt.%) 0.03% C, 0.97% Mn,
0.022% P, 0.0007% S, 0.74% Si, 21.61% Cr, 5.31% Ni, 3.07% Mo,
0.16% Cu, 0.22% N, 0.136% V, 0.064% W, 0.01% Ti and Fe balance,
in agreement with the UNS S31803 (AISI 2205). Two types of
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sample cross sections have been prepared. The first one was cut
into a rod shape with 10 mm in diameter and hemisphere ended.
The immersion depth of the working electrode was 10 mm and
the immersion surface area was ca. 3.2 cm2. It has been tried to
have at least 3.2 cm2 immersion surface area in each CPT measure-
ment as shown in Fig. 1. Orientation of the long axis of working
electrodes was parallel to the rolling direction. Preparing such a
shape of samples avoids any crevice corrosion during pitting corro-
sion measurements. To minimize the water-line attack, the solu-
tion was deaerated for 80 min before starting the test. Therefore,
the local effects of water-line attack were minimized [25]. To be
even more on the safe side, after each experiment, the specimen
was examined by stereo microscope and no water-line attack
was observed. In addition to this type of samples, the second type
of specimens was prepared as flat samples with 1 � 1 cm2 surface
area for pit morphology observation. In potentiostatic polarisation
measurements to accentuate the current fluctuations in passivity
region, flat samples with smaller surface area (0.5 � 0.5 cm2) also
have been used. To avoid crevice corrosion, all specimens were
prepassivated in 65% HNO3 at 70–80 �C for 1 h, rinsed by water
and methanol, dried by hot air and then mounted in self-cure ac-
rylic. Although later grinding of the surface with silicon carbide pa-
per destroys the protective layer of surface, it does not destroy the
passive layer of the mounted faces of specimen. For more accuracy,
the interface between sample and mount was checked by stereo
microscope and no crevice was observed. Before polarisation tests,
all samples were ground up to 600 SiC paper and then degreased in
ultrasonically cleaned acetone for 5 min prior to washing with dis-
tilled water. A similar preparation was performed on a specimen
with a finishing surface of 0.3 lm diamond paste for microscopy
observation.

ACM potentiostat (ACM Instruments) was employed for the
electrochemical three electrode tests including working, reference
and counter electrodes. For reference and counter electrodes, satu-
rated calomel and platinum wire with a surface area of 2 cm2 were
chosen, respectively. All tests related to pitting potential and CPT
evaluations were performed in 0.1 M NaCl and 0.1 M NaCl plus
0.0001, 0.001, 0.01 and 0.1 M MoO2�

4 solutions in various tempera-
tures. The pH of the solution was 5.9 and it was measured by Inolab
pH meter. In all measurements, the electrolyte in the cell was deaer-
ated with purified nitrogen gas for 80 min before the test and purg-
ing was continued above the electrolyte until the end of experiments
Fig. 1. Hemisphere end sample prepared for potentiodynamic tests and CPT
assessment.
as shown schematically in Fig. 2. During the nitrogen gas purging,
working electrode was held above the electrolyte. Each test was re-
peated at least three times to ensure reproducibility.

Potentiodynamic polarisation measurement was carried out at
various temperatures to obtain the breakdown potential. Before
polarisation measurements, open circuit potential was measured
for 60 min to stabilize the rest potential. The scan rate was 1 mV/s
(1000 and 2000 data points for high and low temperatures, respec-
tively) sweeping from 50 mV cathodic potential up to the potential
value at where a sudden current density, about 0.1 mA/cm2,
increasing due to extensive pitting corrosion or transpassivity,
had occurred. Breakdown potential, Eb, was identified as the poten-
tial where the current density continuously exceeded 100 lA/cm2.
To obtain the passivity current density in the passivity domain,
potentiostatic measurements were also performed in the anodic
potential of 850 mV versus OCP (ca. 480 mV SCE) at various tem-
peratures. The aim was to characterize the passive layer integrity
and examine the metastable pitting. It should be noted that OCP
values may change with temperature and molybdate concentra-
tion. However, 850 mV anodic potential versus OCP was chosen
to situate relatively the identical driving force for all samples.

All potentiostatic CPT measurements were carried out at ap-
plied anodic potential of 750 mV versus corrosion potential (ca.
380 mV SCE) and the temperature was increased at a rate of
0.6 �C/min until the current density exceeds 100 lA/cm2. The tem-
perature associated to this current density was chosen as a crite-
rion for CPT assessment. It should be noted that the real steady
state conditions during potentiostatic tests do not achieve com-
pletely in short time measurements and it takes at least several
hours [26]. However, comparative examination of the samples
after 900 s could be performed.

For microstructure examination of alloy, the as-received alloy
was ultrasonically cleaned and then washed with alcohol, dried
and electroetched in 4 M NaOH solution at 25 �C, at 2 V DC applied
potential for about 30 s. To evaluate the morphology of stable and
metastable pits in various temperatures, potentiostatic measure-
ments were carried out with 850 mV anodic potential versus OCP
(ca. 480 mV SCE) in the range of passivity. Five data per second
were recorded during potentiostatic measurements. A mirror-like
surface was prepared by grinding the sample up to 1200 SiC papers
followed by polishing with 0.3 lm diamond paste. Microscopical
examination of pitting morphology also performed on the samples
after their anodic polarisation was beyond the pitting potential. A
Kalling’s number 2 reagent was used as an etchant. Metallographic
examination was carried out using optical microscope and scan-
ning electron microscope (SEM).
3. Results and discussion

3.1. Microstructure evaluation

Fig. 3 shows the microstructure of 2205 DSS which demon-
strates 53–47% austenite–ferrite microstructure phases elongated
in the rolling direction after the annealing step. The interface
between the two-phases has been clearly etched, as shown in
Fig. 3, and the island-like austenite phase (light regions) was
embedded in the continuous ferrite matrix (dark regions) [1,2,4].
3.2. Potentiodynamic measurements

Potentiodynamic polarisation curves of 2205 DSS alloy in 0.1 M
NaCl at different temperatures are shown in Fig. 4 (In order to
compare the results here with Fig. 5, the inserted graph shows
the polarisation curves also in E-i format). Generally, by increasing
the temperature from 25 to 85 �C, the passivity current increases



Fig. 2. Schematic of the electrochemical cell used in corrosion tests.

Fig. 3. Microstructure DSS 2205 showing ferrite (dark region) and austenite (light
region) phases and interface between them.
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Fig. 4. Potentiodynamic polarisation curves of DSS 2205 in 0.1 M NaCl at different
temperatures. Scan rate was 1 mV/s. To compare the results here with Fig. 5, the
inserted graph shows the polarisation curves in E-i format.
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from 1.1 to 6.5 lA/cm2, which is more noticeable at a higher tem-
perature. Moreover, it can be observed that in 0.1 M NaCl, in the
temperature range from 25 to 55 �C, the alloy shows passivity
which is extended up to more than ca. 1100 mV prior to dissolution
by transpassivity, similar to the results reported previously in 3.5%
NaCl solution [7]. Up to 55 �C, a passivity domain of about 1350 mV
(from OCP to breakdown potential) was obtained. At 55 �C, a slight
increase of current density fluctuations in passivity domain is
observed and by increasing the temperature to 65 �C, a transition
from transpassivity to pitting corrosion is occurred; see Fig. 4.
Based on the potential associated to 100 lA/cm2 as the criterion
for the breakdown potential, the pitting potential of ca. 790 mV
at 65 �C is observed and the passivity domain is decreased from
1350 mV at 45 �C to 1040 mV at 65 �C (Further increasing the
temperature results in more decrease in the pitting potential to
440 and 330 mV at 75 and 85 �C, respectively). Generally, decrease
in the pitting potential is a combined effect of chloride concentra-
tion and temperature [10,19]. A value of 400 mV has been reported
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Fig. 5. Potentiodynamic polarisation curves of DSS 2205 in 0.1 M NaCl with (a) 0.0001 M, (b) 0.001 M, (c) 0.01 M and (d) 0.1 M MoO2�
4 at different temperatures. Scan rate was

1 mV/s.
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previously for the breakdown potential at 60 �C in 3.5% NaCl [7]. In
the present study, a value of 790 mV at 65 �C was obtained in 0.1 M
NaCl which confirms that the breakdown potential depends upon
both temperature and the chloride concentration. In summary,
based on the potentiodynamic measurements at various tempera-
tures, shown in Fig. 4, in 2205 DSS alloy, a transition from transpas-
sivity to pitting corrosion occurs between 55 and 65 �C in 0.1 M
NaCl solution.

Potentiodynamic results of the alloy in 0.1 M NaCl plus 0.0001,
0.001, 0.01 and 0.1 M MoO2�

4 at different temperatures are shown
in Fig. 5. Generally, the influence of adding molybdate ions on
breakdown potential in the temperature range of 25–55 �C is insig-
nificant. This means that in the temperature range of 25–55 �C, a
passivity domain of about more than 1350 mV (from OCP to break-
down potential) was obtained and the transpassivity occurred at
higher potentials. A slight increase in transpassivity breakdown
potential by adding 0.01 M molybdate is observed. By further
increasing the temperature, a significant decrease in breakdown
potential is observed which is associated to pitting occurrence. But
adding molybdate to the solution shows different behaviour at high
temperature. This can be seen more clearly in Fig. 6 where the
breakdown potential of 2205 DSS obtained in Fig. 5 has been plotted
against temperature. At the lowest concentration, 0.0001 M MoO2�

4 ,
an inverse influence is observed wherein by the addition of inhibitor
a further decrease in the pitting potential is observed. Improving the
pitting potential when the concentration of the inhibitor reaches to
0.001 M may address that the beneficial inhibitor concentration
should be in between 0.0001 and 0.001 M MoO2�

4 . Further increasing
the molybdate concentration to 0.01 and 0.1 M results in an even
more improvement in the pitting potential. Particularly, in 0.1 M
MoO2�

4 , the breakdown potential is increased significantly and
reached to the transpassivity even at temperature 85 �C, see Fig. 6.
This means that the pitting corrosion does not occur in 0.1 M
NaCl + 0.1 M MoO2�

4 even at the highest recorded temperature,



300

550

800

1050

1300

15 35 55 75 95
Temperature(˚C)

(1) 0.1 M NaCl 
(2) 0.1 M NaCl + 0.0001 M MoO4

2-

(3) 0.1 M NaCl + 0.001 M MoO4
2-

(4) 0.1 M NaCl + 0.01 M MoO4
2-

(5) 0.1 M NaCl + 0. 1 M MoO4
2-

Po
te

nt
ia

l m
V 

(S
C

E)

Fig. 6. Evaluation of breakdown potential for 2205 DSS based on the results in
Fig. 5. A 100 lA/cm2 was chosen.
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85 �C. Increasing the breakdown potential due to adding MoO2�
4 can

be associated to reducing the numbers and the magnitude of meta-
stable pitting transients on the two-phase microstructure 2205 DSS
alloy surface. This means that molybdate ions block the active site on
the surface [10] and decrease significantly the metastable pitting
current transient. Reduction of the number and magnitude of meta-
stable pits by increasing molybdate content has been investigated
previously [10]. Mo as an alloying element in 2205 DSS also de-
creases the transient height where Mo can be dissolved at local acti-
vation site reacting directly in the aggressive pit environment.
Therefore, the repassivation of metastable pit is enhanced and the
growth of stable pit is hindered [12]. As a result, the pitting potential
is increased to the more noble values. It seems that the mechanisms
of effecting alloying Mo and effecting molybdate on pitting corro-
sion resistance are very similar, but not exactly the same. However,
comparison between molybdenum as an alloying element and
molybdate as a solution constituent has been investigated previ-
ously [10,15,27,28]. Fig. 7 shows the cyclic potentiodynamic polari-
sation curve of DSS 2205 in 0.1 M NaCl in 65 �C and 0.1 M
NaCl + 0.1 M MoO2�

4 at 85 �C. Clearly, without inhibitor, the alloy
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Fig. 7. Cyclic potentiodynamic polarisation curves of DSS 2205 in 0.1 M NaCl in
65 �C and 0.1 M NaCl + 0.1 M MoO2�

4 in 85 �C.
exhibits a hysteresis loop at 65 �C, indicating that repassivation of
existing pits is more difficult when the potential is swept toward
the negative direction. However, by adding the inhibitors, forward
and backward potentiodynamic scans are the same with negligible
hysteresis loop indicating a transpassivity characteristic of passiv-
ation breakdown [4].

Since pitting occurs only at high temperature, in Fig. 8, the pit-
ting potential has been plotted against the logarithm of inhibitor
concentration. Up to 0.01 M MoO2�

4 , a linear relationship can be ex-
tracted between the pitting potential and the logarithm of MoO2�

4

concentration which is in agreement with previous statement [10]
and the results of inhibiting effect of MoO2�

4 on the potting corro-
sion of mild steel in HCl solution [13]. In another study, the depen-
dence of the pitting potential of mild steel in 0.1 M NaCl on the
concentration of MoO2�

4 inorganic salts has been investigated and
the results showed a nonlinear relationship between them [14].
Even further, pitting potential decreases controversially by increas-
ing MoO2�

4 close to 0.1 M. No explanation has been stated in the
paper [14]. Noticeably, in the present study, further adding of
0.1 M MoO2�

4 at 65 �C has less beneficial influence than adding
0.01 M MoO2�

4 .
In summary, at room temperature up to 65 �C, the most advan-

tageous MoO2�
4 concentration as the satisfactory inhibitor is ca

0.01 M whereas at high temperature of more than 65 �C, the opti-
mum MoO2�

4 concentration is 0.1 M. Generally, the beneficial effect
of inhibitor is more enhanced at high temperature.

To elucidate the influence of adding molybdate ion on passive
current density, potentiodynamic polarisation curve of DSS 2205
in 0.1 M NaCl and 0.1 M NaCl + 0.01 M MoO2�

4 at 75 �C has been
plotted as shown in Fig. 9. The results reveal that the highest pas-
sivity current density is associated to the 0.1 M NaCl solution and
adding MoO2�

4 decreases the passivity current density from 0.007
to 0.002 mA/cm2. Noticeably, the passivity current is not substan-
tially reduced by adding molybdate inhibitors which is in contrast
with previous report on 314 and 316 austenitic stainless steel in
HCl [10]. This means that the passivity integrity and stability of
the two-phase microstructure 2205 DSS do not improve exten-
sively in the presence of molybdate inhibitor.
3.3. Potentiostatic polarisation measurements

Passivity current density as a criterion for passivity integrity
was characterized at various temperatures and inhibitor
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concentrations. In order to be able to record the metastable pitting
current transients in the presence of molybdate as an inhibitor an-
ion on a high alloy 2205 duplex stainless steel, a relatively high
anodic potential was selected. As an example, Fig. 10 shows the re-
sults with applying 850 mV anodic potential with respect to OCP
(480 mV/SCE) in 2205 DSS at various temperatures in 0.1 M NaCl
and 0.1 M NaCl + 0.01 M MoO2�

4 . The current density in 0.1 M NaCl
solution decreases within the time and lies down in the passivity
domain up to the temperature 50 �C. However, by increasing the
temperature to 60 �C, the current density increases up to 2 mA/
cm2 after 900 s (the inserted graph) indicating the presence of sta-
ble pitting occurred on the sample surface. Moreover, by increasing
the temperature, the passivity current density increases and more
current fluctuations were observed which can be associated to the
metastable pits creation on the surface, particularly at the temper-
ature 50 �C. However, increasing the background passivity current
hides the current fluctuations at higher temperatures; see Fig. 10a.
Previous results [2] on 2205 DSS showed that in 1 M NaCl, the tran-
sition from transpassivity to pitting occurred in between 56 and
63 �C which is similar to the present results (note that the chloride
concentration here is 0.1 M). On the other hand, considering the re-
sults in 0.1 M NaCl + 0.01 M MoO2�

4 solution in Fig. 10b, it can be
seen that the current density decreases within the time and lies
down in the passivity domain up to temperature 80 �C, but by
further increasing the temperature to 85 �C, the current density in-
creases up to 2 mA/cm2 after 900 s (the inserted graph) indicating
occurrence of the stable pitting on the sample surface. This means
that molybdate ion increases the transition temperature from pas-
sivity to pitting by more than 20 �C in potentiostatic measure-
ments. Moreover, by adding the inhibitor the passivity current
density was decreased at a comparable temperature in 0.1 M NaCl
and 0.1 M NaCl + 0.01 M MoO2�

4 . As an example, the passivity cur-
rent density at 50 �C was decreased four times (from 0.004 to
0.001 mA/cm2), see Fig. 10b. Similar to previous results in
Fig. 10a, increasing the temperature enhanced the passivity cur-
rent density and current fluctuations associated to the metastable
pits created on the surface, particularly in the temperature above
60 �C covered by the higher background passivity current at higher
temperatures.

Similar measurements were also obtained for other MoO2�
4 con-

centrations indicating that in 0.1 M MoO2�
4 , the passivity prolongs

up to temperature 85 �C. The results revealed that at 85 �C, after
300 s, the current densities of 9.37, 0.49, 0.22 and 0.005 mA/cm2

in 0.0001, 0.001, 0.01 and 0.1 M MoO2�
4 , respectively, were ob-

tained indicating that by increasing molybdate ions, the current
density decreases reached to passivity level (0.005 mA/cm2).
Noticeably, the current density in 0.1 M NaCl without inhibitor
was about 6.755 mA/cm2 which is less than the solution containing
0.0001 M MoO2�

4 (9.37 mA/cm2).
In summary, potentiostatic polarisation measurements confirm

the potentiodynamic results on the beneficial influence of adding
optimum molybdate ions on improving pitting corrosion resis-
tance by decreasing passivity current density.
3.4. Potentiostatic CPT measurements

Fig. 11 represents the results on evaluation of CPT in 2205 DSS
with potentiostatic measurement by applying 750 mV anodic po-
tential (ca. 380 mV SCE) and gradually increasing the temperature.
Considering 100 lA/cm2 current density as a criterion for CPT eval-
uation, it can be seen that adding 0.0001, 0.001 and 0.01 M MoO2�

4

increases CPT to about 0.5, 2.5 and 12 �C, respectively (from 73 �C
in 0.1 M NaCl to 85 �C in 0.1 M NaCl + 0.01 M MoO2�

4 ). Noticeably,
no CPT value could be reported by adding 0.1 M MoO2�

4 up to
86 �C. A CPT of ca. 60 �C was obtained previously for 2205 DSS in
1 M NaCl [2]. Here, in 0.1 M NaCl, the CPT was 73 �C and it has been
improved to 85 �C by adding 0.01 M MoO2�

4 .
CPT-assessed values have been plotted against logarithm of

inhibitors concentration as represented in Fig. 12. Clearly, the
inhibiting efficiency of MoO2�

4 is enhanced from 0.001 to 0.01 M
MoO2�

4 by the sudden increase in CPT from 75.5 to 85 �C. It has
been previously stated that at a constant concentration of aggres-
sive ion, Cl�, there exists a linear relationship between the pitting
potential and the logarithm of inhibitors concentration [10], i.e.
pitting potential should linearly increase by increasing the inhibi-
tor concentration. However, no relationship has been reported yet
between inhibitor concentrations and the CPT values. According to
Fig. 12, a nonlinear relationship could fit the CPT increase as a func-
tion of log MoO2�

4 concentration. Further study with various inter-
val concentrations is needed to extract the exact relation. However,
in this paper, for the first time, the positive effect of MoO2�

4 on CPT
of 2205 DSS has been reported. The effect of MoO2�

4 ion on CPT in
Cl�-containing solutions revealed a negligible positive effect at
significantly low MoO2�

4 concentration. At higher enough MoO2�
4

concentrations, more than 0.01 M, molybdate reveals clearly an
inhibiting effect by increasing CPT values. A mechanism of ions-
competitive adsorption between MoO2�

4 and Cl� ions in NaCl
solution on alloy surface has been proposed previously [23,24].
In addition, the inhibitive nature of molybdate anion may be due
to the formation of a thin film of molybdate ion itself. With in-
crease in molybdate concentration, the fraction of Mo as Mo4+ is
decreased due to its limited solubility and sufficient amount of
MoO2�

4 adsorbs on the surface forming a thin molybdate salt layer.
As a result, diffusion of aggressive Cl� will be restricted by the
presence of this salt film leading to a higher pitting potential and
most likely a higher CPT values. MoO2�

4 absorbed on the oxide sur-
face through hydrogen bonding between the hydrogen atom of the
hydroxyl group of the oxide and the oxygen atom of the molybdate
ion. This makes the surface repels aggressive Cl� [13,14]. In an-
other study, the inhibiting influence of alloying with Mo element
was addressed to retard the active dissolution with no salt film
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Fig. 10. Potentiostatic polarisation results with applying 850 mV anodic potential with respect to OCP in 2205 DSS in various temperature in (a) 0.1 M NaCl and (b) 0.1 M
NaCl + 0.01 M MoO2�
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presence, though other interpretations based on the presence of a
salt film are also mentioned to be possible [24].

It is known that CPT is related to the transition from metastable
to stable pit growth. According to the mechanism proposed by
Laycock et al. [29], it can be assumed that all stable pits must de-
velop and maintain an anodic salt and there is a critical current
density for passivation in the saturated salt environment of the
pit nucleus, icrit which increases with temperature. There is also a
limiting current density, iL given by the saturation concentration



Fig. 13. Metastable pit morphology of DSS 2205 (a) in 0.1 M NaCl after 850 mV
potentiostatic polarisation above corrosion potential at 45 �C (b) in 0.1 M
NaCl + 0.01 M molybdate after dynamic polarisation test with scan rate 3 mV/min
at 45 �C.
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of metal ions, CS and Fick’s first law, which increases more gradu-
ally with T than icrit

iL ¼ n � F � D � CS=h ð1Þ

where CS is the saturation concentration of salt, h the pit radius, D
the diffusivity, n the dissolution valence and F the Faraday constant
[29].

The CPT corresponds to the temperature at which icrit = iL since
below this temperature the alloy cannot generate the anodic cur-
rent density required to maintain the necessary pit chemistry.
Any factor which causes icrit to decrease must be compensated by
increasing the temperature leading to increase the CPT. An impor-
tant factor, which might affect the strength of an inhibitor, is the
size of the inhibiting species. It was shown that the radii and vol-
umes of Cl� and MoO2�

4 are comparable [10]. It is therefore possible
for MoO2�

4 ions to be pulled through the oxide film under the influ-
ence of an electric field. Therefore, MoO2�

4 ions can diffuse into the
pit cavity [10].

It is widely accepted that attack of the material by Cl� causes
acidification of the local electrolyte within the pit. When the pH
value becomes less than six, polymerisation begins and paramo-
lybdate is formed as follows:

7MoO2�
4 þ 8Hþ ()Mo7O6�

24 þ 4H2O ð2Þ

When the pH falls further, new condensed species are formed:

Mo7O6�
24 þ 3Hþ þHMoO�4 ()Mo8O4�

24 þ 2H2O ð3Þ

Another possible reaction is following:

MoO2�
4 þ 4Hþ þ 2e� ()MoO2 þ 2H2O ð4Þ

Reduction products are believed to be deposited on the metal
surface [10,20].

Another explanation for the inhibiting ability of Na2MoO4 is
that they reduce the local acidity at the sites where they react.
According to the above-mentioned Eqs. (1), (3), and (4), by reduc-
ing Na2MoO4, H+ ions are consumed and water molecules are pro-
duced. Therefore, the low pH environment necessary for pit
development is faded away. This would affect the rate of dissolu-
tion within the pit cavity and retarding pit stability by eliminating
the possibility of icrit = iL, which is the criteria for pit stability sug-
gested by Laycock et al. [29]. This means that to attain the pit sta-
bility criteria, one needs to increase the temperature, i.e. higher
CPT.

Inhibiting species are only effective above a certain concentra-
tion ratio of nonaggressive to aggressive ions when species like
Cl� are present in the solution [3]. The lack of inhibition effect of
molybdate ions less than 0.001 M might be attributed to pH
changes of the pit environment in which the pH cannot be raised
enough to passivate the pit.

Concentration-dependent effect of molybadte inhibitor on CPT
can be compared with data available on the effect of alloyed
molybdenum. Sugimoto and Sawada [15] showed that a linear
relation exists between weight percent of alloyed molybdenum
and CPT for austenitic steels containing 20% Cr, 9–20% Ni and 1–
5% Mo (CPT (�C) = 20 + 5 � (wt.%) Mo). Recently, Pardo et al. [20]
also investigated the effect of alloying Mo on CPT of austenitic
stainless steels; they illustrated that by increasing the Mo, CPT va-
lue also increased. For instance, in stainless steels with 0.98 wt.%
Mn, an increase of Mo content from 0.30 to 2.74 wt.% displaced
the CPT values from 41 to 61 �C. In our knowledge, there is no
available information on the effect of alloyed molybdenium on
CPT of DSS alloys. However, the above results are somewhat com-
parable to the present findings that increasing molybdate to solu-
tion environment also increases the 2205 DSS CPT value.
In summary the results of potentiodynamic, potentiostatic mea-
surements at various temperatures and the results of CPT assess-
ment confirm the beneficial influence of molybdate inhibitor on
2205 DSS pitting corrosion resistance.
3.5. Pit observation

Fig. 13 reveals an example of metastable pit morphology of
2205 DSS in 0.1 M NaCl and 0.1 M NaCl + 0.01 M MoO2�

4 after
applying 850 mV anodic potential with respect to corrosion poten-
tial (ca. 480 mV SCE) in a potentiostatic polarisation at 45 �C. A few
metastable pits were observed in austenite phase and austenite–
ferrite interface which is clearer in Fig. 13b. Fig. 14 also displays
stable pit morphology of DSS 2205 after anodic polarisation at
the same potential but at 55 �C in 0.1 M NaCl. Again, a cluster of
pitting cavities is observed. It seems that the pitting initiated in
boundary region between austenite and ferrite which is probably
the weakest point on the surface [2] and propagated in austenite
phase. This has also been reported previously [30] and recently
by Deng et al. [2]. The reason may be associated to chromium
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depletion in austenite–ferrite interface and consequently the lower
chromium content in austenite compared to ferrite phase or prob-
ably higher density of inclusions in this area.
4. Conclusion

The aim of this work was to study the influence of inhibiting
effect of adding 0.0001, 0.001, 0.01 and 0.1 M molybdate ion on
pitting corrosion and CPT of 2205 DSS in 0.1 M NaCl solution.
The results can be summarized as follows:

(1) Addition of molybdate into the solution containing 0.1 M
NaCl improves the critical pitting temperature of 2205 SS
alloy. Based on the results of potentiodynamic polarisation
CPT measurement, in the presence of 0.01 M molybdate
,the alloy CPT increased up to 10 �C and interestingly when
the concentration of molybdate raised to 0.1 M, no evidence
of pitting corrosion up to 85 �C was observed.

(2) Although the results of potentiostatic polarisation CPT mea-
surement of the alloy were slightly higher than the results
obtained from potentiodynamic polarisation techniques, a
similar behaviour regarding the beneficial effect of molyb-
date on improving the alloy CPY was obtained. The alloy
CPT was increased from 55 to 68 �C in 0.1 M NaCl. After
0.01 M molybdate ion was introduced into the solution, no
pitting corrosion was observed up to 85 �C in the presence
of 0.1 M molybdate in solution.

(3) Finally, pits morphology observed in chloride-containing
solution after anodic polarisation indicates that the localized
attacked seems to be associated to the interface between
austenite and ferrite phases and propagates in austenite
phase both in solution with and without molybdate inhibitor.
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