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In this study effect of different ageing conditions on intergranular corrosion, pitting corrosion and rela-
tion between critical pitting temperature (CPT) and degree of sensitisation (DOS) was investigated by
potentiostatic polarisation and double loop-EPR methods. The results showed by increasing sensitisation
time, DOS increased and measured CPT value decreased. In addition the values of DOS and CPT of spec-
imens aged at 650 �C showed almost liner relation while this correlation was diminished for the speci-
mens aged at 800 �C. The results may be attributed to the further formation of precipitates on
specimens aged at temperature of 800 �C.

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

Duplex stainless steels (DSS) containing two-phase austenite–
ferrite microstructures are of interest for various applications such
as petroleum, gas refineries and marine environments particularly
due to their permutation corrosion and mechanical properties [1–
8]. Chromium (Cr) and molybdenum (Mo) enrich ferrite, while
nitrogen (N) and nickel (Ni) are mainly found in austenite [9]. Be-
cause of the high content of alloying elements, the duplex stainless
steels show complex phase transformation and precipitation
behaviour [10]. The best general properties are obtained with
approximately equal amounts of austenite and ferrite and the ab-
sence of third phases such as r and v [6,11]. However, due to high
chromium and molybdenum contents and their high diffusion rate
in ferrite, DSS are prone to form some unwanted secondary phases
during exposure to elevated temperatures between 400 and
1000 �C [12,13].

These precipitation processes of secondary phases in DSS are
classified in two clearly distinct temperature intervals [14,15].
The higher interval is between 550 and 1000 �C, where phases such
as nitrides, carbides, r and v are clearly separated from each other,
[16–22]. The lower interval is in temperature range of 400–500 �C,
where Cr-rich a0 phase precipitates due to spinodal decomposition
of the ferrite phase [23–25]. These phases can be formed from fer-
rite when the DSS is welded or hot worked [5]. Among all precip-
itate types, sigma phase is the major concern due to its detrimental
ll rights reserved.
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influence on both mechanical properties and corrosion behaviour
[17,26,27]. Sigma is an intermetallic phase enriched by Cr and
Mo [10,28]. Due to its high Cr and Mo content, the precipitation
of sigma phase depletes the surrounding regions of Cr and Mo,
leading to a decrease in corrosion resistance of duplex stainless
steel [29–31]. In this study effect of different sensitising treatments
on corrosion behaviour of DSS2205 and dependence of critical pit-
ting temperature (CPT) on degree of sensitisation (DOS) of this al-
loy has been investigated.

2. Experimental methods

The chemical composition analysis of alloy in weight percent
was 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, 0.136% V, 0.064% W, 0.01% Ti,
0.15% N and Fe balance, which is in agreement with the AISI
2205 (UNS S31803). For studying the relation between critical pit-
ting temperature (CPT) and degree of sensitisation (DOS), the alloy
was aged at 650 and 800 �C for 10, 60 and 300 min. Specimens
were held in an air atmosphere furnace with temperatures of
650 and 800 �C for different selected times, followed by water
quench to produce different degrees of sensitisation. The alloy
microstructure was characterised by optical microscopic (OP)
examination. All specimens were polished to 0.05 lm alumina
slurry. The etching was done at 2.5 V DC for 10 s in oxalic acid fol-
lowed by 1.5 V DC for 10 s in 10 M KOH while specimen was anode
and a platinum wire was used as cathode [32]. Then, the specimens
were rinsed by distilled water, washed by methanol and dried by
hot air. To investigate the microstructure by scanning electron
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microscope (SEM model Philips XL 20), specimens were etched in
10% oxalic acid according to the ASTM A-262A [33]. In addition,
the presence of different phases were analysed by X-ray diffraction
(XRD) with Cu Ka radiation.

DOS values of specimens were measured by double loop elec-
trochemical potentiodynamic reactivation (DL-EPR) method in
0.3 M HCl + 0.002 M Na2S2O3 solution and scan rate of 100 mV/
min [34]. The specimens were polarised from 50 mV below OCP
to anodic region and scanning direction was reversed from 0 mV
vs. SCE toward OCP. DOS values were measured using the ratio of
maximum current density of reactivation to maximum current
density of activation according to the following equation.

DOS% ¼ ir

ia
� 100ð1Þ ð1Þ

The CPT values were measured in 0.1 M NaCl solution employing
potentiostatic polarisation method. The specimens were polarised
at anodic potential +750 mV with respect to open circuit potential
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 lA/cm2 [35]. Temperature was controlled using water
bath.

Saturated calomel electrode (SCE) and platinum wire were used
as reference and counter electrodes, respectively. Electrochemical
tests were conceded by means of Gill AC automated potentiostat
(ACM Instruments). Before each polarisation test, open circuit po-
tential (OCP) was obtained for 15 min. Each experiment was re-
peated for three times to ensure their reproducibility.
3. Results and discussion

3.1. Microstructural analysis

Fig. 1 shows microstructure of DSS2205 alloy in different heat
treatment times at 650 and 800 �C. Darker phases represent ferrite
while brighter phases are austenite. The as-received specimen did
not show any dissolved precipitates at grain boundaries. In other
word, this specimen was not sensitised. Although it was reported
elsewhere [36] that by 10 min ageing of DSS2205 in temperature
range of 600–700 �C chromium nitrides (Cr2N) could precipitate
at ferrite–ferrite boundaries, in microstructure of 10 min aged
specimen at 650 �C no dissolved precipitates at grain boundaries
could be observed. Similar condition can be seen in microstructure
of 10 min sensitised specimen at 800 �C.

Results of 60 min sensitised specimen at 650 �C was similar to
previous ageing time in this temperature indicating that in this
treatment temperature, no remarkable precipitate could form at
grain boundaries. However it can be considered that some precip-
itations were nucleated at grain boundaries and the existing pre-
cipitates were coarsened by increasing the ageing time from 10
to 60 min. The 60 min sensitised specimen at 800 �C shows dis-
solved precipitates at grain boundaries. Which means, due to age-
ing of the specimen at 800 �C some precipitates were formed at
grain boundaries and these precipitates were dissolved in etching
process. Since 800 �C is the critical temperature in time–tempera-
ture–precipitation (TTP) diagram of DSS2205 alloy [36], many
types of precipitates can be formed at this temperature. It was re-
ported that after 60 min ageing of DSS2205 at 800 �C sigma phases
are formed in boundaries of ferrite and austenite and the volume
fraction of chi phase is negligible in compression with sigma phase
[36]. It was also reported that in this temperature Cr2N precipitates
could be found in boundaries of ferrite and austenite and also fer-
rite/ferrite boundaries by increase in time [37]. The precipitates in
300 min sensitised specimens at both ageing temperatures were
completely clear.
By looking to the microstructure of all sensitised specimens, it is
obvious that the precipitate growth direction is in ferrite phase. In
other word, the precipitates are more likely to grow in ferrite
rather than austenite. This can be attributed to the fact that chro-
mium and molybdenum content of ferrite is higher than austenite
and the diffusion coefficient of chromium in ferrite is almost 10
times higher than austenite [38]. Therefore, the precipitates like
chromium carbides, sigma phase, chi, etc. grow into the ferrite
phase. On the other hand higher value and diffusion coefficient
of these elements in ferrite, leads to two different chromium
(and molybdenum) depleted profile in austenite and ferrite grains.
The profile in austenite is narrow and deep while it is wide and
shallow in ferrite [38]. As a result, as it can be seen in microstruc-
ture of sensitised specimens, especially 300 min sensitised ones, it
seems that the precipitates were formed in ferrite phase. On the
other hand, it was also reported that by increasing the ageing time
and formation of sigma phase, chromium and molybdenum con-
tent of ferrite decreases and partially Ni content increases. As a re-
sult ferrite phase undergoes decomposing and secondary austenite
and sigma phase may be formed [9,35,38]. Furthermore, in all sen-
sitised specimens chromium carbides can be found as well as other
intermetallic precipitates [39].

Fig. 2 shows changes in volume fraction of phases by changing
ageing condition (analysis of volume fractions was perform by Cle-
mex software). The results demonstrate that austenite volume
fraction is almost constant and it is in the range of 46–56% which
is in agreement by equilibrium volume fraction of DSS2205. On the
other hand as it was explained above, precipitates are more likely
to grow in ferrite phase. As a result ferrite volume fraction decrease
from 51% at non-sensitised specimen to 21% at 300 min sensitised
specimen at 800 �C. Although various types of precipitates are
formed in microstructure due to the different heat treatment con-
ditions, in this study, to investigate the precipitates volume frac-
tion by OP, volume fraction of all precipitates and their affected
zone due to etching process is considered as precipitate volume
fraction. It is obvious that by 300 min ageing at 800 �C, precipitate
volume fraction increase to 36% while it is almost 10% at 60 min
sensitised specimen at 800 �C and below 1% at 300 min sensitised
specimen at 650 �C.

XRD results of as-received and 300 min sensitised specimens is
shown in Fig. 3. The results demonstrate as-received specimen pat-
tern contain only ferrite and austenite peaks. As it was mentioned
above, precipitate fraction in 300 min sensitised specimen at
650 �C was low and as a result, no considerable precipitate was de-
tected by XRD in this specimen. In the XRD results of 300 min sen-
sitised specimen at 800 �C, some additional peaks were observed
which are related to the sigma phase. As it was discussed above,
different types of intermetallic phases could precipitate in this heat
treatment, however, the most significant phase was sigma phase
and consequently it was detected by XRD. In addition, by ageing
the specimens, the intensity of ferrite and austenite phases
was diminished due to their transformation to intermetallic
precipitates.

3.2. Degree of sensitisation (DOS) measurement

Fig. 4 shows the SEM results of microstructure analysis after elec-
trical etching by oxalic acid [34]. As it can be observed, as-received
specimen showed almost no ditches in grain boundaries and this
behaviour was repeated in microstructure of 10 and 60 min sensi-
tised specimen at 650 �C. Although no considerable ditches in these
two sensitised specimens were observed, grain boundary attack was
increased by increasing the sensitisation time. The ditches in grain
boundaries of 300 min sensitised specimen at 650 �C and all sensi-
tised specimens at 800 �C are easily visible, indicating sensitisation
occurrence. In addition it is completely clear that the grain boundary



Fig. 1. Microstructure of DSS2205 (a) as-received, (b) 10 min sensitised at 650 �C, (c) 60 min sensitised at 650 �C, (d) 300 min sensitised at 650 �C, (e) 10 min sensitised at
800 �C, (f) 60 min sensitised at 800 �C and (g) 300 min sensitised at 800 �C.

N. Ebrahimi et al. / Corrosion Science 53 (2011) 637–644 639
attack in specimens sensitised at 800 �C was increased by increasing
in ageing time. Interestingly, it is evident in a similar ageing time; the
attack was higher in 800 �C than 650 �C. This increase in intergranu-
lar attack shows higher DOS of sensitised specimens at 800 �C. While
microstructure analysis can detect sensitisation, it can not measure
it.

Fig. 5 shows measured DOS value of different sensitised
DSS2205 specimens at 650 and 800 �C. It can be seen that by
increasing the sensitisation time, DOS value increase. This means
that the depleted chromium width in vicinity of grain boundaries
and especially in ferrite grains was increased. In other word by
increasing the ageing time, susceptibility to intergranular corro-
sion was increased due to depletion of chromium. This phenome-
non could be detected by SEM microstructure analysis after
oxalic acid etching process. However, as it can be seen, value of
DOS in non-sensitised specimen was almost 1.1 and by sensitising
the specimen for 10 min this value increased to 4.52 and 6.62 at
650 and 800 �C, respectively. This indicates that by 10 min sensitis-
ing at 650 and 800 �C some precipitates which are mainly chro-
mium nitrides (Cr2N) [36] are formed in grain boundaries and as
a result a region witch its chromium value is lower than inside
the grain can be found in vicinity of grain boundaries. Therefore



Fig. 2. Effect of different ageing condition on volume fraction of different phases of
DSS2205.

Fig. 3. XRD results of DSS2205 as-received, 300 min sensitised at 650 �C and
300 min sensitised at 800 �C.
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passivity of chromium depleted region deteriorates and this week
passivity, breaks down in reactivation state of DL-EPR. Considering
values of DOS in the different sensitisation temperatures, it is obvi-
ous that higher sensitisation temperature gives higher value of
DOS which confirms SEM results. This is due to the fact that in
higher temperatures diffusion coefficient of chromium increases
and while precipitation growth is controlled by diffusion of chro-
mium rather than nitrogen, the higher value of diffusion coefficient
of chromium promotes nucleation and growth of chromium ni-
trides at 800 �C more than 650 �C. By increasing sensitisation time
from 10 to 60 min DOS value increased from 6.62 to 47.61 and 4.52
to 7.51 at 800 and 650 �C, respectively. As it can be observed, at
650 �C DOS value did no change considerably, while there is a sig-
nificant increase in DOS value at 800 �C, as it was shown in SEM re-
sults, This jump in DOS value can be attributed to increasing in
precipitates number and coarsening of the existed precipitates,
leading to growing the chromium depleted regions and increasing
their width. For instance, it is reported that by increasing ageing
time form 10 to 60 min at 850 �C, the fraction of sigma phase in
DSS2205 increases approximately from 1% to 7% [39] which is in
agreement with the 9% precipitate phase reported in this study.
As a result in reactivation stage of EPR test higher value of charge
was created due to passivity break down. It was demonstrated pre-
viously [40] that the molybdenum element has great effect on pas-
sivity and increasing in molybdenum content decreases passive
current density. As a consequence in 60 min sensitised specimen,
by increasing sigma phase fraction and increasing the width of
molybdenum depleted regions, passivity of depleted regions
breaks down more easily. By increasing in ageing time at 650 �C,
precipitate volume fraction did not change significantly. This indi-
cates, between 10 and 60 min ageing periods at 650 �C passivity of
grain boundary regions did not deteriorate in comparison with
ageing at 800 �C.

The value of DOS in 300 min sensitised specimen increased to
25.74 and 54 for 650 and 800 �C, respectively. As it can be seen,
DOS value for 650 �C increases significantly from 7.5 to 25.74 while
there is no considerable change in DOS value of 300 min sensitised
specimen at 800 �C in compression with 60 min sensitised speci-
men. Although sensitisation time increased from 60 to 300 min
at 800 �C and microstructure analysis showed that this specimen
was completely sensitised and volume fraction of precipitate phase
increased to 36%, value of DOS was not increased significantly. This
is due to the fact that, at high temperature and long ageing time,
chromium and molybdenum diffuse from inside the grains to the
depleted regions and minimum value of chromium in sensitised
regions increase. As a result the passivity characteristic of depleted
regions improves. On the other hand the value of DOS increased
significantly by ageing the specimen at 650 �C for 300 min. This in-
crease in DOS value shows increase in depleted region width. SEM
micrographs confirm this observation that the most significant
change in intergranular attack from 60 to 300 min was observed
at 650 �C. However, DOS value of 300 min sensitised specimen at
650 �C was still lower than the specimens sensitised at 800 �C for
60 and 300 min.

3.3. Effect of ageing on critical pitting temperature

Fig. 6 shows a typical current vs. time curve for different sensi-
tised DSS2205 specimens at 650 and 800 �C obtained from the CPT
measurement test. It is evident that the current density was in-
creased gradually by increasing temperature and the CPT was con-
sidered as the temperature in which current density reached
100 lA/cm2 [35]. Considering Fig. 6 it can be found that the current
density during the initial heating shows a value of lower than
l0 lA/cm2, indicating that the specimens were protected by the
passive film. With increasing the solution temperature, some
metastable current transients with different sizes were observed
below the CPT, which was related to a film breakdown process
occurring in a metastable pit [41–44]. Since below CPT the meta-
stable pit cannot grow to stable pit and repassivates, the length
of this type of pit was usually lower than 20 lA/cm2 [36]. As the
solution temperature increased more than the CPT, the current
density increased abruptly due to the occurrence of stable pits.
The CPT value of the as-received specimen was 60 �C; see Fig. 7.
After 10 min ageing at 650 �C, the CPT of specimen did not change
significantly and decreased to 56 �C. This was because Cr-rich pre-
cipitates could not completely precipitate in such a short time.
However, the CPT of 10 min ageing specimen at 800 �C decreased
to the value of 47 �C. This remarkable 13 �C decrease was due to
the precipitation of Cr2N at the ferrite/ferrite sub-grain boundaries.
It was reported elsewhere that the content of chromium in Cr2N
reaches up to 94.3 wt.% [36]. Accordingly, such grain boundary
Cr2N precipitates were likely to cause chromium depleted zones
and also accommodated substantial amounts of nitrogen, resulting
in great decrease in CPT. As the ageing time increased further to
60 min, the CPT of aged specimens dropped to the 56 and 33 �C
for ageing at 650 and 800 �C, respectively. It is clear that by



Fig. 4. SEM microstructure analysis of DSS2205 (a) as-received, (b) sensitised 10 min at 650 �C, (c) 60 min at 650 �C, (d) 300 min 650 �C, (e) 10 min at 800 �C, (f) 60 min at
800 �C and (g) 300 min at 800 �C etched by oxalic acid.
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increasing ageing time from 10 to 60 min, the decrease in CPT va-
lue for specimen aged at 800 �C is very higher than that of 650 �C,
mainly owing to the precipitation of relative large volume fraction
of r phase. The chemical composition of r phase was reported as
following: 57.64 Fe–30.14 Cr–4.20 Ni–8.02 Mo [36]. During its for-
mation, Cr and Mo diffused from the ferrite to the growing r
phase. Thus causing localized depletion areas in Cr and Mo around
the r phase. These areas contain lower concentration of Cr and Mo
and due to having higher amount of Ni they became unstable and
transformed into secondary austenite (c2) [45]. It should be no-
ticed that v phase coexisted with r phase after ageing at 800 �C
and although its volume fraction was quite small compared to that
of r phase, it degrade the pitting corrosion resistance.

By increasing the ageing time to 300 min, the CPT decreased. This
decrease is attributed to the content of intermetallic precipitates
which increase at both ageing temperatures. However, the decrease
in CPT value was significant in sample which was sensitised 300 min
at 800 �C and its CPT value dropped to the 7 �C, while the CPT value of
similar sample aged at 650 was 44 �C. In other word, the 300 min
sensitised specimen at 800 �C was susceptible to the pitting corro-
sion even at room temperature. Considering the microstructural
analysis, it is clear that by 300 min ageing of specimen the volume



Fig. 5. DOS results of DSS2205 at different sensitisation conditions.

Fig. 6. Potentiostatic CPT measurements of different sensitised DSS2205 (a) 650�
and (b) 800�.

Fig. 7. CPT results for DSS2205 at different sensitisation conditions.

Fig. 8. Microstructural analysis of 300 min sensitised specimen at 800 �C after
pitting corrosion test. The pit was formed on austenite phase.

642 N. Ebrahimi et al. / Corrosion Science 53 (2011) 637–644
fraction of ferrite phase decreased to almost 20%. This means that the
specimen did not have duplex structure anymore. In other word, the
beneficial effect of duplex structure could not be found in this spec-
imen and as a result, it shows pitting corrosion at the ambient tem-
perature like an austenitic stainless steel.

It can be realized from the above results that the presence of
precipitates plays an important role in pitting initiation by deteri-
orating the passive film around the precipitates. Different types of
precipitates formed during ageing at different temperatures can af-
fect the pitting corrosion resistance [46]. In order to identify the
preferential initiation sites of pitting; the specimen surface after
pitting corrosion was examined by optical microscope. Fig. 8 shows
the pits in microstructure of 300 min sensitised specimen at
800 �C. After pitting test the specimen surface was washed and
cleaned ultrasonically by ethanol and etched by fry reagent. The
microstructure was examined by optical microscopy. It can be real-
ized that the pits are more likely to initiate from austenite phase. It
was reported previously [36] that pitting resistance equivalent
number (PREN) for austenite gives lower values than that of ferrite.
As a consequence, the metastable pits are nucleated at the vicinity
of precipitates in austenite.
3.4. Correlation between DOS and CPT of DSS2205

As it was demonstrated in previous sections, by increasing sen-
sitisation time, DOS value increases and CPT decreases. Fig. 9
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shows the values of CPT as a function of DOS values for 650 and
800 �C. As it can be seen, the CPT and DOS of specimens sensitised
at 650 �C show almost a liner relationship. Considering microstruc-
tural analysis, it is obvious that in specimens aged at 650 �C, no
considerable precipitation could be found. In other word, micro-
structure of the specimens sensitised at 650 �C, shows typical du-
plex characteristic and the austenite–ferrite volume fraction is
almost 50–50. By 10 min ageing the DSS2205 at 650 �C, CPT value
decreased 4 �C while DOS increased 3% and further ageing to
60 min causes 4 �C decrease in CPT and 2% increase in DOS value.
In other word, nucleating the precipitates at grain boundaries de-
creases CPT value and increases DOS. When specimen was aged
for 300 min, both DOS and CPT values changed significantly and al-
most 10 �C decrease in CPT and 20% increase in DOS could be
detected.

On the other hand this liner relation could not be observed in
specimens aged at 800 �C. This phenomenon can be attributed to
the change in microstructure of the specimens after ageing at
800 �C. While as-received and 10 min aged specimens showed du-
plex microstructure, the 60 min and 300 min sensitised specimens
showed lower value of ferrite than that of duplex stainless steel,
this is especially true for 300 min aged specimen. As a conse-
quence, the linearity of DOS and CPT could not be observed in this
temperature of ageing. By 10 min sensitising the specimen at
800 �C, CPT decreased about 13 �C while DOS increased only 6%.
This can be attributed to the fact that in low ageing time, the pre-
cipitates were small and as a result their affected regions in matrix
Fig. 9. Correlation between CPT and DOS values on DSS2205 (a) 650 �C and (b)
800 �C.
were small. However by increasing sensitisation time from 10 to
60 min, CPT decreases 14 �C and DOS increases from 6.62 to
48.61. As it was discussed in microstructure analysis section, by
increasing the ageing time from 10 to 60 min the amount of precip-
itates increased and the existed precipitates were coarsened.
Although increasing the precipitates number and their coarsening
causes CPT value to decrease, their effect on passivity characteristic
and DOS value was higher.

On the other hand by increasing sensitisation time from 60 to
300 min, as it was demonstrated above, the value of DOS increased
from 48.61 to 54, while decrease in CPT value was significant and
the 300 min sensitised specimen showed CPT value of 7 �C. The
microstructure changes in ageing range of 60–300 min have higher
influence on CPT in comparison with DOS. Although, by increasing
the time chromium and molybdenum were diffused to grain
boundaries and as a result the passivity characteristic was modi-
fied, the significant decrease in CPT and increase in DOS can be
attributed to the significant increase in precipitate volume fraction.

4. Conclusions

In this study effect of different ageing temperature and time on
the pitting and intergranular corrosion of DSS2205 was investi-
gated and following results were obtained:

1. The microstructural examination of DSS2205 showed by
increasing ageing time at 800 �C, precipitates volume fraction
increased and ferrite volume fraction decreased. On the other
hand, there was no considerable change in microstructure after
ageing at 650 �C.

2. DL-EPR results showed by increasing in sensitisation time, DOS
increased and as a result the alloy was more susceptible to
intergranular corrosion. The specimens aged at 800 �C showed
higher value of DOS at all sensitisation times.

3. Potentiostatic CPT measurements revealed by increase in age-
ing time the CPT value decreased. It can be also reported that
ageing at 800 �C has more deteriorative effect on pitting corro-
sion than 650 �C.

4. A significant decrease in CPT value could be detected in 300 min
aged specimen at 800 �C. This decrease in CPT value can be
attributed to the change in microstructure of this specimen.

5. In could be realized that the DOS and CPT values show almost a
liner relationship at specimens aged at 650 �C, where the micro-
structure of all specimens showed duplex characteristic. Since
by increase in ageing time microstructure changes, this relation
could not be observed in the results of 800 �C aged specimens.
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