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The role of plastic deformation on the corrosion behavior of a 25Cr-7Ni super-duplex stainless steel (SDSS)
in a 3.5 wt.% sodium chloride solution at 90 �C was investigated. Different levels of plastic strain between 4
and 16% were applied to solution annealed tensile specimens and the effect on the pitting potential mea-
sured using potentiodynamic electrochemical techniques. A nonlinear relationship between the pitting
potential and the plastic strain was recorded, with 8 and 16% causing a significant reduction in average Ep,
but 4 and 12% causing no significant change when compared with the solution-annealed specimens. The
corrosion morphology revealed galvanic interaction between the anodic ferrite and the cathodic austenite
causing preferential dissolution of the ferrite. Mixed potential theory and the changing surface areas of the
two phases caused by the plastic deformation structures explain the reductions in pitting potential at certain
critical plastic strain levels. End-users and manufacturers should evaluate the corrosion behavior of specific
cold-worked duplex and SDSSs using their as-produced surface finishes assessing in-service corrosion
performance.

Keywords galvanic corrosion, pitting potential, plastic deforma-
tion, super-duplex stainless steel

1. Introduction

The duplex grades of stainless steels (DSS) have become
increasingly attractive when compared with single-phase
austenitic and ferritic grades in many applications as a result
of their high strength and corrosion resistance in chloride
containing media. The dual-phase ferrite-austenite microstruc-
ture of duplex provides a combination of toughness and
mechanical strength; while the high chromium, molybdenum,
and tungsten content provide a robust surface passive oxide
film that provides the material with its corrosion properties
making it desirable for many applications in the chemical,
nuclear, and petrochemical industries (Ref 1, 2). A material is
referred to as a super-duplex stainless steel (SDSS) if its pitting
resistance equivalence number (PREN) = Cr% + 3.3(Mo% +
0.5W%) + 16N% is greater than 40 (Ref 2). Despite their excel-
lent material properties, failures of duplex and super-duplex
components have occurred in relatively benign environments
where environmentally assisted cracks have propagated in
regions with high plastic deformation caused by excessive cold-
work (Ref 3-5). Plastic deformation is present in most SDSS
components as a result of fabrication techniques used in
machining, bending, and rolling and its role in the corrosion
performance of individual grades is therefore of interest.

At the microstructural level, cold-work introduces a number
of plastic deformation structures including dislocation net-
works, twins, deformation bands, cell structures, and emerging
slip steps at the surface (Ref 6). These structural transforma-
tions cause considerable changes in the important mechanical
and corrosion properties of the material. Of particular concern
is the effect the plastic deformation has on the properties of the
passive film and the underlying microstructure which can
increase the material�s susceptibility to localized corrosion
attack. The phenomenon has been studied in other grades of
stainless steel. The changes in pitting potential of an AISI 316
austenitic stainless steel which was cold-worked in the range
0-40% area reduction demonstrated that from 0-20% area
reduction, cold-work increased the pitting potential; however,
area reductions beyond 30% reduced the pitting potential when
compared with the solution-annealed specimen in higher
nitrogen grades (Ref 7). In contrast, a number studies report
no beneficial effect of cold-work. Cold-work at 35 and 58%
area reduction lowered the critical pitting potential Ep of an
AISI 304 austenitic SS in 0.3 wt.% sodium sulfate solution
with varying ppm concentrations of sodium chloride (Ref 8).
A comprehensive review of studies on single-phase stainless
steels shows contrasting reports of both increasing and
decreasing Ep with increasing cold-work (Ref 9). The authors
go on to describe their detailed study on the effect of cold-work
on the various stages of pitting corrosion in an AISI 304 SS
demonstrating that in 0.5 M NaCl, the pitting potential reduced
with % area reduction. Monotonically decreasing pitting
potential with increasing cold-work, in the range 0-60% was
also reported in (Ref 10). For austenitic grades of stainless steel,
cold-work induced phenomenon such as deformation bands,
dislocations, and induced martensite all have a role in the
various stages of pitting corrosion, but the effects vary
depending on the environment, degree of cold-work, and
whether nucleation, growth or repassivation of corrosion pits is
studied.
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No similar studies of the effect of cold-work on the
corrosion resistance of duplex stainless steel grades appear in
the literature. However, the types of deformation structures that
occur in duplex under strain have been investigated, giving
some insight into the potential effect on corrosion resistance.
Unlike single-phase grades, the dual-phase structure of DSS
and SDSS leads to a nonlinear development of surface
structures with increasing cold-work as a result of the different
constitutive relations of ferrite and austenite (Ref 11). Atomic
force microscopy (AFM) studies confirm the development of a
complex surface topography in duplex stainless steel under
plastic deformation (Ref 12, 13). The studies revealed that
while austenite grains developed a single set of slip bands at the
surface inclined with the loading axis, the ferrite developed two
separate sets of slip bands; the first caused by plastic
deformation in the bulk of the ferrite grain, denoted F1 in
(Ref 12); and the second as a result of large scale deformation
in adjacent austenite grains where the crystallographic orien-
tations of the bcc-fcc system were well matched (denoted types
A1, A2, and F2). The complex surface topography generated
by plastic deformation in both the phases will have some effect
on the corrosion properties of cold-worked SDSS components,
but this has not previously been investigated at the electro-
chemical level in the literature. It is the aim of this study to
investigate the effect of plastic deformation structures on the
corrosion resistance of a SDSS alloy in 3.5 wt.% NaCl solution
using electrochemical potentiodynamic techniques.

2. Experimental Procedure

The chemical composition of the investigated SDSS in
weight percentage (wt.%) was 0.02%C, 24.84%Cr, 6.54%Ni,
3.10%Mo, 2.07%W, 0.47%Cu, 0.45%Mn, 0.34%Si, 0.28%N,
remaining Fe. The as-received material was available as a cold-
worked tubular which was then solution annealed at 1050 �C
for 1 h and water quenched. Cylindrical tensile specimens were
then machined from the pipe wall 5 mm in diameter and
100 mm in length. Before straining, specimens were mechan-
ically polished starting with coarse grain emery paper of 240 to
1200 grit followed by a final polish using alumina paste to
achieve a mirror-like surface finish. The polished specimens
were rinsed with acetone and dried by hot air. Specimens were
strained in axial tension to 4, 8, 12, and 16% plastic strain at a
constant rate of 0.1 mm/min using an Instron 3200 tensile test
machine; a smaller group of specimens were left unstrained
(0% strain) as a reference set. The new diameters of the strained
specimens were measured to allow the reduction in area to be

calculated. A group of example specimens were separated from
the main group for metallographic observation using optical
and scanning electron microscopy (SEM). Some of the
specimens were etched electrochemically in 10 wt.% oxalic
acid solution to aid examination. This was achieved by
isolating the end of the specimen in an epoxy resin and
exposing only the gauge length to the etchant. A 3 V potential
difference was then applied for 30 s using a variable power
supply and a platinum electrode as the cathodic lead. These
specimens were also used to take five separate hardness
measurements per strain category using a Vickers indenter. The
Hv10 results were averaged and are reported in Table 1.

The electrochemical corrosion behavior of both strained and
unstrained specimens was then investigated using potentiody-
namic polarization measurements in 3.5 wt.% sodium chloride
solution according to ASTM G 5. The electrochemical cell was
a conventional three electrode cell comprising the working
electrode (specimen); reference silver/silver chloride (Ag/AgCl)
electrode; and, a platinum counter electrode. All electrochem-
ical measurements were made at a temperature of 90 �C using a
Princeton Potentiostat/Galvanostat (263 A). Before potentio-
dynamic measurements, the electrodes were immersed in a
glass corrosion cell filled with 700 ml of the investigated
electrolyte. The open circuit potential became stabilized after
30 min. The potentiodynamic curves were recorded at a
potential scan rate of 1 mV/s starting from 100 mV below
the open-circuit potential. The potential scan continued while
the corrosion current density was monitored. The polarization
curves were analysed to determine the breakdown potential at
which the current increased monotonically with time beyond
100 lA. A minimum of three specimens per strain level were
tested. The experimental set-up is shown in Fig. 1.

3. Results

3.1 Deformation Structures

SEM images of the unstrained and strained specimens are
shown in Fig. 2. The uniform surface of the unstrained
specimen is shown in Fig. 2(a), with phase boundaries barely
visible. In contrast, the deformed surfaces of the 8 and 16%
plastic strain specimens are shown in Fig. 2(b) and (c). The
images reveal a range of plastic deformation behaviors
including deformation bands, slip planes, and phase boundaries
between the austenite and the ferrite. The deformation bands in
the 16% specimen are more developed both in number and in
apparent depth with steps clearly visible.

Table 1 Statistical analysis of the breakdown potential results as a function of plastic prestrain epl

Pl-strain epl Area red., %
Ave. Hv10,
kgf/mm2

Sample mean Ep,
mV Ag/AgCl

Sample SD,
mV Ag/AgCl COV

Calculated t value

0% 4% 8% 12% 16%

0 0 300 643.6 55.61 0.086 0 0.69 2.57 1.39 1.73
4 8 335 666.8 45.31 0.068 - 0 3.19 0.67 2.78
8 12 337 531.0 62.51 0.118 - - 0 3.87 1.73
12 16 357 685.7 42.13 0.061 - - - 0 4.34
16 18 361 596.4 25.29 0.042 - - - - 0

Note: Bold t values mean the difference in the sample means is significant at the p = 0.05 level (95% certain the sample means are from populations
with different properties)
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Polished surfaces were also examined to reveal differences
between the plastic deformation behavior of the austenite (c)
and the ferrite (a). The unstrained microstructure is shown in
Fig. 3(a), while the microstructure of the specimen strained to
16% plastic strain is shown in Fig. 3(b). There is a clear
difference in the ferrite in the 16% specimens with deformation
structures visible. Evidence of the complex deformation
behavior of ferrite in duplex stainless steels is shown in
Fig. 4, where SEM images of an etched surface on the 16%
specimen show both type-A and type-F deformation bands of
the type reported in (Ref 12, 13). Type-F deformation bands in
the center of the ferrite grain can be seen clearly in Fig. 4(a)
directly above the �a�, while type-A bands, forming as a result

of deformation in the austenite, can be seen at the phase
boundary to the left of the �a�. Example type-A deformation
bands are shown in more detail in Fig. 4(b).

3.2 Electrochemical Tests

Example potentiodynamic curves for all levels of plastic
strain are shown in Fig. 5(a-e). The curves show the typical
polarization behavior of the material with the free corrosion
potential; initiation noise; evidence of metastable events prior
to the final breakdown of the passive film; and, the monotonic
stable increase of current denoting the pitting potential Ep all
shown. While there is little difference in the free corrosion

Fig. 1 Experimental set-up for corrosion tests

Fig. 2 SEM images of unstrained (0), 8 and 16% plastic strain SDSS specimen surfaces
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potential between the specimen groups, the potentiodynamic
curves show varying pitting potential and metastable events,
e.g., the repassivation event at around 400 mV SCE on one of
the 8% test curves (Fig. 5c).

The breakdown potential was measured from each test and
the results collated and graphed in Fig. 6. The graph shows the
expected random variation in Ep within each strain level and the
trend of the average value. The sample mean, standard
deviation, and coefficient of variation (COV) were calculated
for each group of specimens and the Student�s t test applied to
the results to confirm whether the differences noted between
straining levels were actually significant. The t test results
demonstrated no significant difference (at P = 0.05) between
the groups of 0, 4, and 12% specimens, but there was a
significant reduction in the breakdown potentials of the 8 and
16% specimens compared with the other three groups. The
average Ep dropped to 531 mV (Ag/AgCl) for the 8%
specimens and 596 mV for the 16% specimens, compared
with the 640-680 mV range of results for the other levels. A
summary of the results is contained in Table 1.

3.3 Corrosion Morphology

The corrosion morphology of the 8% plastic strain specimen
is shown in Fig. 7(a-c). The figure illustrates an isolated
shallow pit 1209 70 lm in size. The edges of the pit are not
uniform, with ferrite grains suffering preferential attack. This
preferential dissolution of the ferrite can be seen at higher
magnification in Fig. 7(b) and (c) with ferrite (a) and austenite
(c) phases marked. This is a well recorded phenomenon in
duplex stainless steels in chloride bearing solutions and is
caused by a galvanic couple that forms between the two phases
as a result of chemical partitioning; Cr, Mo, W concentrating in
ferrite and Ni, N in austenite (Ref 14-17). The high nickel and
nitrogen give austenite a more noble potential in chloride
solutions making it the cathode to the more negative ferrite (the
anode). The result is the sacrificial loss of ferrite seen in the
images.

Further evidence of the preferential attack of ferrite is shown
in Fig. 8(a-c) which illustrates the corrosion morphology of the
16% plastic strain specimen. The images show further losses in

Fig. 3 Microstructure of super duplex alloy after polishing and 10 wt.% oxalic acid etching (a) no plastic deformation, (b) 16% plastic strain

Fig. 4 SEM photographs of 16% plastic strain SDSS specimen after 10 wt.% oxalic acid etching (a) multiple deformation bands in ferrite
(b) high magnification at local I
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Fig. 5 Example potentiodynamic polarization curves of SDSS alloy cold-worked to different degrees of plastic strain in 3.5 wt.% sodium
chloride at 90 �C potentials V Ag/AgCl
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Fig. 6 Effect of cold-work on pitting corrosion potential (Ep) of SDSS alloy in 3.5 wt.% sodium chloride at 90 �C

Fig. 7 Pitting corrosion attack on 8% plastic strain SDSS specimen in 3.5 wt.% sodium chloride solution at 90�C; (a) general view for a shal-
low pit, (b) and (c) higher magnification at the pit propagation edges

Fig. 8 Pitting corrosion attack on the 16% plastic strain SDSS specimen in 3.5 wt.% sodium chloride solution at 90 �C; (a) general view for
severe attack, (b) pit clusters, and (c) higher magnification
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the ferrite phase, together with clusters of small pits initiating
along the surface grooves of the deformation bands, primarily
on the ferrite but also on the austenite phase.

4. Discussion

The results of the experimental programme give an insight
into the effects of plastic deformation on the corrosion
resistance of the SDSS studied. The SEM images of the
strained specimens in Fig. 2 to 4 reveal the expected types of
plastic deformation structures reported in (Ref 12, 13), namely
a nonlinear development of slip bands in austenite and ferrite
with increasing strain. In addition, the ferrite exhibits multiple
types of deformation bands including those associated with
bulk deformation in the ferrite (F1) and those which have
moved across the phase boundary from the austenite (F2, A1,
A2). The hardness results, presented in Table 1 and plotted
together with the pitting potential results in Fig. 9, confirm the
nonlinear behavior quantitatively.

The observed plastic behavior of the duplex stainless steel
can be used to interpret the electrochemical results. First, the
SDSS results from this study were compared with the single-
phase studies reported in (Ref 7-10). It is not possible to report
any improvement in corrosion resistance with increasing plastic
deformation for the SDSS used in this study. The results are
closer to those reported in (Ref 8-10) where small reductions in
Ep occurred at cold-work levels below 20% area reduction.
However, there are also some notable differences from the
single-phase studies. At 8 and 16% plastic strain there is a
significant reduction in the pitting potential that was not
evidenced at the other strain rates. Similar changes to the
corrosion behavior of SDSS at different degrees of cold-work,
with reductions at apparently critical plastic strains, have been
reported elsewhere (Ref 18). This change in corrosion behavior
is related to the complex deformation of austenite and ferrite
within the duplex microstructure. The role of the deformation
structures that form on the external surface of the strained
specimens are of interest. The results in Fig. 2 to 4 show the

deformation structures increase with strain, confirmed by the
AFM studies in (Ref 12, 13) and by the hardness results in
Fig. 9. As a result, the reduction in corrosion resistance at 8 and
16% plastic strain cannot be explained by deformation changes
alone.

Changes in the surface topography are one possible
explanation. As deformation develops, the slip bands produce
geometric shapes capable of acting as diffusion inhibitors at the
initiation stage of pitting corrosion (Ref 19). However, while
this effect is present, as evidenced by pit initiation sites
following the deformation bands in Fig. 8(c), it should have
produced a reduction in pitting potential with increasing strain
as the surface roughness increased. In addition to the effect of
topographical changes, plastic deformation increases the num-
ber of suitable initiation sites (Ref 19). The SEM images
confirm that deformation bands increased with increasing strain
so again the effect should have led to decreasing pitting
potentials with increasing strain as the number of sites
increased (Ref 8-10). A reduction in pitting potential with
increasing strain is however not what is observed in Fig. 9; a
different mechanism must be involved in the development of
pitting corrosion in the cold-worked duplex.

The preferential dissolution of the ferrite phase shown in
Fig. 7 and 8 is of interest. The volume fraction of ferrite in a
duplex stainless steel was shown to have a direct effect on the
strength of the galvanic couple that forms between the two
phases and hence the dissolution rate of ferrite which was
preferentially attacked (Ref 15). Further detailed measurement
of the effect in a more recent study confirmed the difference in
free corrosion potential between the anodic ferrite and the
cathodic austenite in chloride-bearing solutions is approxi-
mately 25 mV relative to a standard calomel electrode, while
the galvanic current flowing from the ferrite to the austenite was
0.1-0.13 mA (Ref 16). The electrochemical interaction between
the two phases, and the sacrificial consumption of ferrite by the
austenite in chloride-bearing solutions, is then controlled by
their relative surface areas. In this study, the initially polished
specimen surfaces moved from 2-dimensional radial planes, to
3-dimensional topographies as the deformation bands devel-
oped on both the phases during straining prior to the corrosion
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Fig. 9 The effect of cold-work on the corrosion resistance of SDSS
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tests. The deformation structures that form, and hence the
topographies, develop differently in the ferrite and austenite
phases with increasing strain. As a result, the exposed surface
areas of the two phases (anode and cathode) are changing
relative to one another as plastic strain increases. The effect in
one phase is represented in Fig. 10, showing how the initial
surface area at plastic strain level e1, denoted A(e1), is
constructed of four rectangles JKLM of sides xy to give A(e1)
as 4xy. As the plastic strain increases e1 < e2 < e3, the visible
surface areas A(e2) and A(e3) increase, as a result of deforma-
tion bands, to 4xy + 2xz + yz and 4xy + 3xz + 3yz, respec-
tively. Classical mixed potential theory can be used to show
that galvanic corrosion current density (and hence corrosion
rate) directly proportional to the anode/cathode area ratio such
that (Ref 15):

log iaa
� �
¼ M log

1� fð Þ
f

� �
þ N ðEq 1Þ

where M is a function of the gradients of the potential-current
relationships for austenite and ferrite, found to be approxi-
mately 0.75 for all stainless steels; N is function of the free
corrosion potentials of the two phases which change with
chemical composition; f is the volume fraction of ferrite; and,
iaa is the galvanic corrosion current density of the ferrite
(Amp/cm2) (Ref 15). The expression in Eq 1 can be devel-
oped for the case when the phase areas are changing with
increasing plastic deformation structures. First, the area frac-
tion of a phase is equivalent to its volume fraction. If we
assume that the austenite and ferrite phases make up 100% of
the material volume then Ac + Aa = 1.0. Since the exposed
surface areas of both phases are functions of strain, AcðeÞ and
AaðeÞ, then Eq 1 can be restated as:

log iaaðeÞ
� �

¼ 0:75 log
Ac eð Þ
Aa eð Þ

� �
þ N ðEq 2Þ

It follows directly that a changing surface area ratio must
result in a change to the galvanic current flowing between the
austenite and the ferrite locally (Ref 15). The plastic deforma-
tion behavior of austenite and ferrite reported here in Fig. 2 to 4
confirms that ferrite experiences multiple systems of deforma-
tion bands through interaction with surrounding austenite
grains. The nonlinear development of the deformation bands
in both the phases with increasing plastic strain is quantified in
the results of Fig 7 of (Ref 12), which presents a simple count
of the number of deformation bands in austenite (nc) together
with the number of type-A and type-F deformation bands in
ferrite (na). A simple ratio between the two sets of numbers

presented in (Ref 12) gives a rough idea of how the surface
areas of ferrite Aa(e) and austenite Ac(e) grains in a DSS change
with increasing plastic strain. The ratio of deformation band
numbers nc/na for plastic strains of 0.2, 0.7, 1.15, and 1.18%
are approximately 8.00, 2.63, 3.21, and 2.23, respectively,
showing that even for these small plastic strains, the relative
areas of austenite and ferrite grains are changing with respect to
each other in a nonlinear fashion with increasing strain
(Ref 12). The rate of change of surface areas with plastic
strain for both the phases is then unequal:

dAc eð Þ
de

6¼ dAa eð Þ
de

ðEq 3Þ

From Eq 2 and 3, increasing plastic strain by de means that
the galvanic current density must change in a nonlinear fashion
with increasing plastic strain. The breakdown of the weaker
ferrite at lower potentials for 8 and 16% plastic strain is then
best explained by the changing surface areas of austenite and
ferrite caused by the complex development of deformation
bands in both the phases during the cold-working process in
duplex stainless steels. Future study will focus on quantifying
the relationship between austenite and ferrite at different levels
of plastic strain experimentally using advanced electrochemical
methods to observe changes in localized galvanic current at the
micro-level between individual ferrite and austenite grain
systems as a function of plastic strain.

5. Conclusions

The effect of plastic deformation on the corrosion resistance
of a cold-work SDSS was investigated in 3.5 wt.% NaCl
solution at 90 �C. The results demonstrated that:

1. Cold-work of 4-16% plastic strain has no significantly
beneficial effect on the pitting potential of a solution-
annealed SDSS surface and can have a detrimental effect
at certain critical levels of 8 and 16%.

2. Plastic deformation of austenite and ferrite develops in a
nonlinear fashion with increasing plastic strain. Ferrite
develops multiple types of deformation bands through an
interaction with local austenite grains.

3. The nonlinear relationship between the plastic strain and
the pitting potential of cold-worked SDSSs is caused by
the changing surface area ratio of the cathodic-austenite
and anodic-ferrite which in turn directly affects the
strength of the galvanic couple between the two phases.

Fig. 10 Development of deformation bands in one of the phases of an SDSS and their effect on the exposed surface area
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4. Manufacturers and end-users of cold-worked SDSS
grades should take steps to assess the effect of specific
plastic strains on corrosion resistance.
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