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In this study, the effects of the addition of 3.01% Cu on the corrosion behaviour of cast duplex

stainless steel aged for 1 h at different temperatures between 450 and 600 ◦C was investigated

by electrochemical tests in 0.6 M NaCl, 0.3 M H2SO4 and 0.6 M NaCl + 0.3 M H2SO4. A short

ageing time increases the hardness and mechanical resistance of the Cu-containing steel

by  precipitation hardening. Potentiodynamic polarization and electrochemical impedance

spectroscopy results show that the effect of Cu addition depends on the media studied. In

addition, critical pitting temperature (CPT) measurements revealed that steel with 3.01% Cu

has  a lower pitting corrosion resistance. On the other hand, for both steels, the short time
assive film

itting corrosion

ageing caused a slight increase in CPT values.

©  2019 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
.  Introduction

uplex stainless steels (DSSs) have a two-phase structure
omprising island-like austenite (� phase, fcc) in a continuous
errite matrix (� phase, bcc) [1–3]. The relationship between
he two phases is usually about 50% (by volume fraction).
ast DSSs are used in cooling water pipes, valve bodies,

ump casings and elbows of light water nuclear reactors
ue to their excellent characteristics, such as high strength,
uctility, good weldability and excellent resistance to stress
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corrosion cracking [3–5]. The high resistance of stainless
steels to corrosion is attributed to the dynamic properties
of their passive films [6,7], which are influenced by many
factors, such as the metal type, alloy composition, electrode
potential, pH and electrolyte composition [6,8].

Nevertheless, if DSSs are exposed to a certain range of
high temperature, the balance of alloying elements can be
disturbed by precipitation of various secondary phases. In
this way, these steels are prone to age hardening and embrit-
tlement over a wide temperature range. The temperature

◦
range between 300 and 600 C is characterized by the spinodal
decomposition of ferrite into Cr-poor � and Cr-rich �′ domains.
Other precipitation processes also occur depending on the
actual chemical composition of the steel, the main two  being
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Table 1 – Chemical composition for the DSSs (wt.%).

C Cr Ni Mn Si Mo Cu N Fe
1B 0.043 25.64 4.51 0.68 

3A 0.025 24.59 5.61 0.78 

the spinodal decomposition of ferrite into Cr-rich �′ and Cr-
depleted �′′ and the production of a Ni, Si, Cu, Mo-rich G-phase
precipitate [9–12]. Some commercial duplex stainless steels
contain 0.5–1.0 wt.% copper to improve corrosion resistance
by reducing the corrosion rate in non-oxidizing environments,
notably sulphuric acid [13–16]. The solubility of copper is rela-
tively high in austenite (∼4%) and low in ferrite (∼0.2%) [17,18].
Ageing after solution treatment causes significant harden-
ing by precipitation of fine copper precipitates (�-phase). The
small particles of this phase (<300 Å) contain up to 96 wt.% Cu
[17]. Thus, a higher copper addition (≥2%) can also introduce
precipitation hardening, as done in other types of stainless
steel (ex.: 17-4PH martensitic steel). This strengthening mech-
anism is especially useful for cast components that cannot
be thermomechanically treated to improve mechanical resis-
tance. However, the effects of Cu addition on the localized
corrosion performance of aged alloys in chloride media have
not been clarified sufficiently and there is some controversy in
the literature regarding stainless steel composition and exper-
imental conditions (pH, temperature, chloride concentration,
for example).

In this work, the electrochemical behaviour of two cast
duplex stainless steels, ASTM A890/A 890M [19] grades 1B and
3A, were investigated. Grade 1B steel contains 3.01 wt.% Cu
and grade 3A steel is Cu free. Different levels of hardness were
produced by solution treatment and ageing at 450, 500, 550 and
600 ◦C for up to 1 h. The corrosion resistance was evaluated
by electrochemical tests (critical pitting temperature, cyclic
polarization and electrochemical impedance spectroscopy
(EIS)) in 0.6 M NaCl, 0.3 M H2SO4 and 0.6 M NaCl + 0.3 M H2SO4

solutions. The effect of ageing on the corrosion behaviour
of the steels was investigated by comparing the results of
samples aged with those solution treated. Microstructural
characterization was performed by optical and scanning elec-
tron microscopy (SEM). Specimens were observed after the
corrosion tests.

2.  Experimental

The two grades of cast DSS, ASTM A890/A 890M grades 1B
and 3A [19], were provided by Sulzer Brazil S/A. The chem-
ical compositions in Table 1 show that the main difference
between the two steels is the copper content (3.01% in grade
1B). The pitting corrosion equivalent number (PREN), calcu-
lated by PREN = wt.% Cr + 3.3 wt.% Mo  + 16 wt.% N [13] was 35.6
for grade 1B and 33.9 for grade 3A.

Samples of both steels were annealed (1100 ◦C for 1 h fol-

lowed by water quenching). The objective of the solution
annealing heat treatment before ageing was to obtain com-
plete dissolution of the precipitates in the ferrite matrix and
at the �/� interfaces [20]. Then, samples were subjected to a
0.80 2.01 3.01 0.21 Bal.
0.91 2.02 – 0.17 Bal.

range of isothermal heat treatment from 450 to 600 ◦C for 1 h.
The heat treatment was performed in a muffle furnace.

Vickers hardness tests with a 10 kgf load were performed
on each specimen to evaluate the effect of precipitation hard-
ening in both steels.

Metallographic investigations were carried out using opti-
cal microscopy (OM). The specimens for microstructural
observation were abraded with silicon carbide papers from 120
to 2000 grit. They were polished with several grades of dia-
mond pastes, degreased with alcohol, washed with distilled
water, dried with hot air and then, finally, microstructures
were revealed using the Beraha reagent (20 mL  HCl, 80 mL  dis-
tilled water, and 1 g of potassium metabisulfide), which made
the austenite phase light and the ferrite phase dark. Speci-
mens were then obtained by OM.

The effects of Cu addition on the electrochemical corrosion
behaviour were evaluated by analysing the cyclic polariza-
tion tests and EIS in naturally aerated 0.6 M NaCl, 0.3 M H2SO4

and 0.6 M NaCl + 0.3 M H2SO4 solutions. Pitting behaviour
was studied using critical pitting temperature (CPT) tests.
A conventional three-electrode electrochemical cell using a
platinum (Pt) grid as the counter electrode, saturated KCl sil-
ver/silver chloride (Ag/AgCl) as the reference electrode and
the working electrode was constructed using the steel sam-
ples embedded in epoxy resin. The working electrode area
exposed to the test solution was approximately 0.5 cm2. Before
the electrochemical tests, the specimens were abraded with
silicon carbide paper (up to 600 grit), degreased with alcohol,
washed with distilled water and dried with hot air. In order
to prevent the possibility of crevice corrosion during mea-
surement, the interface between the sample and resin was
coated with transparent lacquer. The tests were initiated after
a nearly steady-state open circuit potential (OCP) was devel-
oped (60 min), in a potentiostat-galvanostat Autolab model
PGSTAT302N. The cyclic polarization and EIS measurements
were made at room temperature, 25.0 ± 0.2 ◦C. Each experi-
ment was run at least three times, and the data showed good
reproducibility.

In order to complete the study of the influence of Cu addi-
tion and ageing on pitting corrosion resistance of DSSs, CPT
values were measured in 1 M NaCl solution using a potentio-
static polarization method [21]. The working electrode was
polarized to 700 mV  vs. Ag/AgCl (KCl sat.) and the tempera-
ture was increased at a rate of 1 ◦C min−1 until stable pitting
had occurred starting from 25 ◦C. The current was measured
against temperature, and the CPT was that corresponding to
a current density of 100 �A cm−2.

Cyclic polarization tests were performed by increasing the
potential at a scan rate of 1.0 mV  s−1 until a current of 1.0 mA

was reached, at which point the scanning direction was then
reversed. The surface of the specimen subject to polarization
was observed just after the test by OM.  Impedance spectra
were obtained at the corrosion potential with a frequency
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Fig. 1 – Optical micrographs of the microstructures of samples (A) 1B annealed, (B) 1B aged at 600 ◦C for 1 h, (C) 3A annealed
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nd (D) 3A aged at 600 ◦C for 1 h.

ange from 10 kHz to 2.5 mHz  with a signal amplitude per-
urbation of 25 mV  and 7 points/decade. Specimens were
bserved after the corrosion tests by OM and SEM.

.  Results  and  discussion

.1.  Metallographic  observations

he microstructures of the solution-annealed materials con-
ist of austenite islands (the brighter phase) embedded in a
errite matrix (the darker phase) without apparent secondary
hase precipitation. The nominal volume fractions of both

errite (�) and austenite (�) in all the samples, measured by
uantitative OM,  remained unchanged with ageing tempera-
ure and were close to 50%, the final value was the average
f at least 12 measurements, indicating a good balance of

Fig. 2 – Back-scattered electron (BSE) images of the incl
both phases. Some previous studies [22–25] suggested that
ageing DSSs in temperatures between 350 and 600 ◦C would
cause spinodal decomposition of the ferrite into chromium-
depleted (�′′) and chromium-rich (�′) regions. In addition to
spinodal decomposition, other precipitation processes would
also occur depending on the chemical composition of the
steel; the main one being the precipitation of �(Cu), Ni, Si,
Mo-rich G-phase. Thereby, as mentioned before, copper addi-
tions above 1% can lead to �-phase precipitation. The grade
1B steel contained 3.10% Cu (Table 1), suggesting an extra-
fine precipitate concentration [17,26]. However, there was no
significant change in the microstructures of specimens after
ageing between 450 and 600 ◦C for 1 h, as seen in Fig. 1.

These results are in good agreement with the literature, which
reports that microstructural changes in SDSS at low tempera-
tures occur at the nanometric scale and are not visible by OM
and/or SEM [9–12].

usions in the annealed sample: (A) 1B and (B) 3A.
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nclus
Fig. 3 – SEM–EDS analysis of i

3.2.  Inclusions

Fig. 2 shows back-scattered electron (BSE) images of the exper-
imental alloys in which inclusions may be observed. The
non-metallic inclusions are typically spherical and uniformly
distributed in the material. The chemical composition of the
inclusions (black spots in Fig. 2) was analyzed by SEM–EDS
(Fig. 3). As presented in Fig. 3(c), the inclusions in the alloy were
composed of complex Si, Al and Mn  oxides and oxy-sulfides.
The chemical compositions of inclusions in both aged steels
were similar to those in the annealed condition. Such complex
oxide inclusions are typical of cast DSSs and may act as sites
of deleterious phase nucleation, such as the sigma phase in
high-temperature exposition [27].

3.3.  Precipitation  hardening  effect

After solution treatment, the hardness of 1B and 3A steels
was 235 ± 4 HV10 and 245 ± 8 HV10, respectively, suggesting
that Cu does not harden by solid solution. Table 2 shows
the increase of hardness (�H) produced in each steel by age-
ing for 1 h in the 4 temperatures investigated. It is worth

noting that these are not the peak hardness at each temper-
ature. It is possible to observe that the hardness of 1B steel
(Cu-alloyed specimens) is greater than 3A steel (Cu-free spec-
imens). The higher �H observed in 1B steel is attributed to

Table 2 – Increase of hardness (�H) with ageing at 450, 500, 550

Steel 450 ◦C/1 h 500 ◦C/1 h 

1B 58 ± 10 38 ± 12 

3A 34 ± 11 32 ± 9 
ions in the 1B DSS annealed.

�′ and �(Cu) phase precipitation [17], which makes a differ-
ence in the short-term ageing in all temperatures studied.
Between the aged samples, there is a decrease in �H values
with increasing ageing temperature, which is more  intense
for Cu-alloyed specimens (1B). The lower hardness observed at
550 and 600 ◦C characterizes an overageing process. For longer-
term ageing, it is expected that Cu-free 3A steel undergoes
more pronounced hardening due to the spinodal decomposi-
tion of ferrite [3–5].

3.4.  Open  potential  circuit  (OCP)

The evolution of the OCP for 1B and 3A DSSs monitored versus
time in 0.6 M NaCl, 0.3 M H2SO4 and 0.6 M NaCl + 0.3 M H2SO4

are shown in Fig. 4. A higher OCP value usually indicates a
decrease in the electrochemical activity of the steel surface
[26,28,29]. As a general tendency, the potential increased as
soon as the samples were immersed in the electrolyte and
then stabilized. Comparison of the 1B and 3A samples show
that the OCP values obtained for the Cu-free specimens (3A)
were always more  negative, which is indicative of a more
active corrosion surface when compared with the Cu-alloyed

specimens (1B). This result could be related to a protective
effect of Cu. Additionally, the OCP and the critical time for
stabilization of the potential were different according to the
immersion medium. The OCP of DSSs immersed in 0.6 M NaCl

 and 600 ◦C for 1 h.

550 ◦C/1 h 600 ◦C/1 h

25 ± 9 11 ± 6
11 ± 12 0 ± 6
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Fig. 4 – Typical evolution of open circuit potential with time of samples in (A), (B) 0.6 M NaCl; (C), (D) 0.3 M H2SO4; (E), (F)
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.6 M NaCl + 0.3 M H2SO4.

ere more  negative, which may indicate a more  active corro-
ion surface when compared with the specimens immersed
n an acidic medium. For samples immersed in 0.3 M H2SO4,
he OCP value is negative at first, due to the dissolution of an
ir formed oxide film, and then increases towards a steady
tate value after few minutes. On the other hand, the samples

mmersed in 0.6 M NaCl + 0.3 M H2SO4 electrolyte took more
ime for stabilization of potential (about 1800 s). According to
he OCP values, the addition of Cu to the DSSs composition
as beneficial in all the mediums investigated.
3.5.  Potentiodynamic  polarization  behaviour

The measurement of a steady-state anodic polarization curve
over the wide potential range is usually a first step in studying
passivity. The literature shows that the corrosion resistance of
stainless steels is primarily attributed to passive film growth

on its surface [29–31]. The changes and breakdown of the pas-
sive film directly affect the localized corrosion resistance, lead-
ing to pitting corrosion, crevice corrosion, intergranular corro-
sion and stress corrosion cracking. Therefore, understanding
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Fig. 5 – Cyclic polarization curve of samples in (A), (B) 0.6 M NaCl; (C), (D) 0.3 M H2SO4; (E), (F) 0.6 M NaCl + 0.3 M H2SO4.
the passivity properties is a key factor for the protection of
stainless steels against localized corrosion attacks. One of the
most common approaches to reducing localized corrosion-
related failures involves the selection of a suitable alloy.

Fig. 5 shows the cyclic potentiodynamic polarization curves
of the alloys under the different heat treatment conditions in
0.6 M NaCl, 0.3 M H2SO4 and 0.6 M NaCl + 0.3 M H2SO4 solutions

at 25 ◦C. As can be seen, all the specimens are characterized
by a very wide potential domain of passivity (between 0.2 and
1.0 V vs. Ag/AgCl) in all media studied. Samples annealed and
aged presented a low current density, around a few �A cm−2

at up to 1.0 V (vs. Ag/AgCl). An abrupt increase of current, for
these samples, occurred in the potential range where oxy-
gen evolution could already thermodynamically take place. At
higher potentials, the oxygen anodic reaction seemed to par-
ticipate in pitting nucleation through the formation of a triple
interface between the metal, electrolyte and oxygen bubbles

[32]. Therefore, the steep increase at ∼1.0 V vs. Ag/AgCl for
these samples is likely due but to the onset of oxygen evolution
not to pitting corrosion.
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Fig. 6 – SEM analysis of inclusions in the 1B DSS  aged at
j m a t e r r e s t e c h n o l

Fig. 5(a, b) shows similar polarization characteristics for 1B
nd 3A samples in 0.6 M NaCl solution. The anodic polariza-
ion behaviour of both steels consists of active dissolution with
o distinctive transition to passivation, passivity and a rapid

ncrease of the current density. However, when the potential
eaches the passivation state, a peak was detected at about
00 mV  vs. Ag/AgCl in both materials (see the arrows in Fig. 5a,
). This anodic peak corresponds to the initiation of pitting
orrosion and the repassivation of metastable pits [33,34]. It is
orth noting that this peak was only observed in 0.6 M NaCl

olution.
The polarization behaviour of the specimens immersed

n 0.3 M H2SO4 (Fig. 5c, d) is somewhat different. The
ctive–passive transition peak was only observed for the 1B
SSs (Cu-containing samples) within the studied potential

ange (see the arrow in Fig. 5c). In this way, although the corro-
ion potentials of 1B samples are more  positive than those of
A specimens, the Cu-free samples (3A) showed a wider pas-
ive region in comparison with Cu-containing samples (1B).
ased on these results, the addition of Cu has a negative effect
n the onset of passivation in 0.3 M H2SO4 solution. Addition-
lly, for 3A steel (Fig. 5d), the curves of the aged samples were
hifted towards more  positive potential values. Moreover, the
assivation current densities of the aged samples were lower
han the solution treated sample. This trend may be an indi-
ation of the beneficial effect of short ageing times on the
orrosion behaviour of the material.

A great difference in the electrochemical behaviour of sam-
les immersed in 0.6 M NaCl + 0.3 M H2SO4 was observed.
hen the ageing temperature was extended to 600 ◦C, the

assivation current density increased (from 5 �A cm−2 for
amples aged at 450 ◦C to 15 �A cm−2 for samples aged at
00 ◦C), while all samples of grade 1B steel presented similar
ehaviour in the studied potential range (passivation current
ensity about 8 �A cm−2). This indicates that the stability of
he passive film formed on 3A steel in acidic NaCl solution
ecreased with increasing ageing temperature, as shown in
ig. 5(f). It can also be inferred that the film formed on the
u-free sample is less stable than that in Cu-containing speci-
ens under the same heat treatment conditions in acidic NaCl

olution.
Fig. 6 is the secondary electron image  of the 1B sample

ged at 450 ◦C after potentiodynamic polarization tests in
.6 M NaCl + 0.3 M H2SO4. As can be seen, metastable pitting
orrosion nucleates primarily at inclusions. Inclusions act as
referential sites for localized corrosion. However, based upon
he polarization results, the presence of inclusions does not

eaningfully influence the corrosion resistance of either steel
n the mediums studied.

.6.  Electrochemical  impedance  responses

lectrochemical impedance spectra were measured at the
CP and the obtained impedance responses are presented in
yquist and Bode formats for each of the different DSSs in
.6 M NaCl (Fig. 7), 0.3 M H2SO4 (Fig. 8) and 0.6 M NaCl + 0.3 M
2SO4 (Fig. 9). For both 1B and 3A samples, the Nyquist plots
ave almost the same shape, where depressed capacitive
emicircles cover almost all frequency regions. The capacitive
rcs did not intersect the x-axis at any point in the frequency
450 ◦C after polarization tests in 0.6 M NaCl + 0.3 M H2SO4.

interval but rather consisted of partial circles of infinite radii.
The appearance of the capacitive loop can be attributed to
charge transfer processes associated with the effect of dou-
ble layer capacitance, and its diameter is related to the charge
transfer resistance (Rct) at the metal/solution interface. The
charge transfer resistance, Rct, is commonly used as a measure
of the resistance of a metal to corrosion damage. A high value
of Rct is associated with a high corrosion prevention capability;
a low value of Rct indicates potentially high corrosion activity.
The data analysis was taken using NOVA version 1.11 software.
The equivalent circuit proposed to fit the obtained experimen-
tal EIS data at OCP was Rs (CPE Rct) [35,36], which comprises
a solution resistance Rs, shorted by a constant phase element
(CPE) that is placed in parallel with the charge transfer resis-
tance, Rct. An example of the shape of the spectra and quality
of the fitting achieved is shown in Fig. 10. The others had sim-
ilar behaviour and the measurements have errors in the range
between 2 and 5%.

The equivalent circuit of one-time constant consists of the
following elements: Rs (Ohm), used to simulate the value of
the uncompensated solution resistance; Rct (Ohm), used to
simulate the charge transfer resistance; CPE, the value of the
argument of the constant phase element (also referred to as a
Y element); and n, the value of the exponent of the CPE. The
CPE was introduced to characterize a “capacitance dispersion”
related to the capacity of the material surface area with com-
plex surface roughness, inhomogeneous reaction rates on a
surface and non-uniform current distribution [33].

The magnitude of the charge transfer resistance (Rct) was
always higher for the Cu-containing specimens (1B) in each
medium investigated. The low Rct values for the specimens
without Cu (3A) point towards their high corrosion suscepti-
bilities. This indicates that Cu addition improves the corrosion
resistance of the passive film. It was also observed that Rct is

always higher in 0.6 M NaCl than in acidic media for both mate-
rials (Table 3). The Rct values decrease in the order of media
NaCl > H2SO4 > (NaCl + H2SO4). This fact is sight surprising
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Fig. 7 – Bode and Nyquist plots for EIS data in 0.6 M NaCl of specimens: (A), (C), (D) 1B; (B), (D), (F) 3A.
at first because copper has been observed to considerably
improve the general corrosion resistance of stainless steel in
sulphuric media [15,34]. For the samples immersed in 0.3 M
H2SO4 solution (Fig. 8), similar behaviour is observed for both
steels; namely, the aged samples presented higher Rct values
than the reference sample in the solution treated condition.
Again, this trend may be an indication of the beneficial effect
of short ageing time on the corrosion behaviour of steel in
this environment, which agrees with polarization measure-
ments.
The phase angle vs. frequency reveals a peak at high to
low frequencies, which represents the capacitive characters. A
highly capacitive behaviour typical of passive materials is indi-
cated from intermediate to low frequencies by phase angles
approaching −90◦ over a wide range of frequencies in the
Bode plots and suggests the formation of very stable surface
films.

3.7.  Critical  pitting  temperature  measurements

Potentiostatic CPT measurements were carried out by the
potentiostatic method described in ASTM G-150 [21]. Fig. 11
represents typical curves of current density versus temper-

ature for specimens aged at different temperatures for 1 h
during the CPT measurement by applying a 700 mV (Ag/AgCl)
anodic potential and gradually increasing the temperature.
The CPT corresponds to the temperature in which the current
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Fig. 8 – Nyquist and Bode plots for EIS data in 0.3 M H2SO4 of specimens (A), (C), (E) 1B and (B), (D), (F) 3A.
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ensity achieves 100 �A cm−2. Table 4 shows the CPT values
btained.

For both 1B and 3A steels, at the beginning of the test,
he value for passivity current density of the annealed sam-
le is significantly higher than that previously reported for
assivity current density of stainless steel [37,38]. This effect
as more  pronounced for the 1B annealed sample. Similar
ehaviour was observed for the 3A sample aged at 600 ◦C.
or the other samples, the current density presented a lower
alue during the initial heating, indicating that the DSS was

ell protected by the passive film. With increasing tem-
erature, some metastable current transients, which were
ssociated with a film breakdown process occurring in a
etastable pit [39–42], were observed below the CPT. As the
test temperature increased further above the CPT, the cur-
rent density rose markedly due to the occurrence of stable
pits.

The Cu-free samples showed the highest resistance to
pitting corrosion as the CPT values of the 1B samples were
lower than the CPT values of 3A samples in all conditions.
This was not expected, considering that the PREN value of
3A was slightly inferior to 1B (33.9 against 35.6). These results
indicate that 3.01% Cu addition is harmful to pitting corrosion
resistance in 1 M NaCl.
The mechanism proposed for the reduction of CPT val-
ues for samples containing copper is that once the passive
layer has been attacked locally by Cl− anions, anodic reactions
occur inside a pit or crevice, in which the pH of the solution
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Fig. 9 – Nyquist and Bode plots for EIS data in 0.6 M NaCl + 0.3 M H2SO4 of specimens (A), (C), (E) 1B and (B), (D), (F) 3A.

Fig. 10 – Impedance spectra for 1B DSS aged at 600 ◦C, experimental and fitted data: (A) Nyquist diagram and (B) Bode
diagram.
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Table 3 – Impedance parameters derived from the Nyquist plots of the DSSs (A) 1B and (B) 3A.

1B 0.6 M NaCl 0.3 M H2SO4 0.6 M NaCl + 0.3 M H2SO4

Rs� cm2 CPE Rctk� cm2 Rs� cm2 CPE Rctk� cm2 Rs� cm2 CPE Rctk� cm2

Y0�F/cm2 n Y0�F/cm2 n Y0�F/cm2 n

Annealed 5.25 75.62 0.995 841.80 13.49 194.34 0.996 214.02 3.06 143.27 0.996 160.03
450 ◦C 7.52 77.40 0.995 474.95 13.08 163.24 0.995 389.96 3.21 130.39 0.997 207.56
500 ◦C 4.01 67.58 0.996 943.69 13.28 277.95 0.994 229.03 3.35 130.79 0.996 217.45
550 ◦C 4.63 59.89 0.995 661.60 14.52 191.26 0.995 279.29 3.47 158.75 0.995 153.07
600 ◦C 4.64 66.82 0.998 355.10 13.92 158.65 0.995 259.16 3.42 149.69 0.996 101.69

3A 0.6 M NaCl 0.3 M H2SO4 0.6 M NaCl + 0.3 M H2SO4

Rs� cm2 CPE Rctk� cm2 Rs� cm2 CPE Rctk� cm2 Rs� cm2 CPE Rctk� cm2

Y0�F/cm2 n Y0�F/cm2 n Y0�F/cm2 n

Annealed 3.40 101.46 0.995 330.30 9.86 238.14 0.994 108.87 1.05 158.02 0.996 100.20
450 ◦C 4.51 68.33 0.996 437.89 16.24 168.83 0.995 160.29 1.03 131.58 0.996 204.15
500 ◦C 3.60 86.06 0.995 433.68 11.81 166.83 0.995 191.77 1.22 130.94 0.996 128.91
550 ◦C 3.89 76.23 0.997 390.82 15.03 135.83 0.997 164.02 0.90 112.80 0.995 139.61
600 ◦C 3.76 82.73 0.997 163.93 17.49 130.44 0.994 130.60 1.21 121.17 0.996 82.73

Fig. 11 – Typical curves of current density and temperature during the CPT test for DSSs (A) 1B and (B) 3A.
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Table 4 – CPT values of DSSs steels by potentiostatic
measurement in 1 M NaCl solution.

Sample 1B 3A

Annealed 40.3 ± 2 42.0 ± 2
450 ◦C 1 h 48.6 ± 2 54.0 ± 3
500 ◦C 1 h 47.2 ± 3 51.5 ± 1
s low and the Cl− concentration is high. According to the
otential–pH–Cl diagram of Cu [43], depending on the poten-
ial inside a pit, Cu dissolves as CuCl−2 or deposits as metallic
u in low pH solutions containing Cl−. When Cu deposits, it

orms a protective film, as has been reported by others [34,35].
owever, the protective ability of the deposited Cu is dimin-

shed if it is unstable in a given environment, or if the amount
f deposited Cu is not sufficient to protect the steel surface.
hus, judging by the results of the CPT measurements, the
tability of the deposited Cu is sensitive to the temperature,
eing initially stable at room temperature, and then unstable
hen the temperature of the test increases.

It is interesting to note that ageing for 1 h in the 450–600 ◦C
ange promoted a slight increase of CPT in both steels in
omparison to the annealed specimens. A similar result was

bserved in superduplex steel UNS S32750 aged at 400 and
75 ◦C, which was attributed to the redistribution of Cr, Mo and
ther beneficial elements by diffusion during the initial stages
f ageing [44]. These treatments provoke hardening and do not
550 ◦C 1 h 46.7 ± 3 54.9 ± 3
600 ◦C 1 h 41.6 ± 2 46.2 ± 2

decrease the pitting resistance. The effects on other properties
must be investigated.

The morphologies of specimens were observed under OM
after electrochemical tests and are presented in Fig. 12.
Again, the pitting corrosion was preferentially initiated in
the interface between the inclusions and the metallic matrix.

According to Jeon et al. [45], the increase of Cu content
increased the oxide inclusions, decreasing the pitting resis-
tance of DSSs.
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Fig. 12 – Morphologies of the corrosion attack of the material after CPT measurement: (A) pit formed on the DSS 1B aged at

r

550 ◦C, (B) pit formed on the DSS 3A aged at 550 ◦C.

4.  Summary  and  conclusions

This work compared the corrosion behaviour of two cast
duplex stainless steels with similar composition but differ-
ent Cu contents, namely 1B (3.01% Cu) and 3A (Cu-free), both
grades of ASTM A890 standard steel. The main conclusions of
this comparative work are:

a) Metastable pits nucleate preferentially in the inclusions for
both 1B and 3A alloys.

b) Potentiodynamic polarization results showed that: (i)
polarization curves in 0.6 M NaCl display a small peak
around 400 mV, still in the passivation range, which is
due to metastable pits, as observed in both steels; (ii) the
addition of Cu has a negative effect on the onset of pas-
sivation in 0.3 M H2SO4 solutions; and (iii) the increase of
ageing temperature decreased the stability of the passive
film formed on Cu-free samples (3A) in acidic NaCl solu-
tion.

c) Impedance results showed that Cu addition improved the
charge transfer resistance (Rct) in each of the media stud-
ied.

d) The CPT measurements revealed that 3.01% Cu addition is
harmful to pitting corrosion resistance in chloride media.
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