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ABSTRACT

The 2101, 2205 and 2507 are duplex stainless steels. They have two phases: austenite and ferrite. The metallur-
gical characterization was performed by means of Scanning Electron Microscopy (SEM) with EDX and X-ray
diffractometry (XRD). The corrosion behaviour was evaluated by potentiodynamic tests. The corrosion tests
were conducted with the aid of potentiostat. The SEM and XRD revealed phases of austenite and ferrite without
any intermetallic phase. The elemental analysis of the phases showed that the elements partitioned more into the
phases that they promoted. The corrosion resistance of 2507 was higher than 2205 and 2101 as it may be seen on
the polarization curves. Comparing the two media, the following relation to their corrosion resistance: 2507 >

2205 > 2101 was established.
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1. Introduction

Duplex stainless steels (DSS) have two phases, ferrite
and austenite in almost equal proportion. The two phases’
structure is very dependent on their composition and
thermal history. Duplex stainless steel is employed in
chemical, petrochemical, nuclear, marine and paper in-
dustry due to its excellent mechanical and good corrosion
performance [1]. It offers a combination of properties,
such as particularly good corrosion resistance in hot cor-
rosion environments containing—chloride ions, me-
chanical strength and ductility, abrasion resistance, and
weldability [2,3]. The commercial production of duplex
stain-less steels started in about 1937 [4].

These alloys possess superior weld ability and better
mechanical properties than austenitic stainless steel. Du-
plex stainless steel is about twice as strong as regular
austenitic or ferritic stainless steel. However, they are
more susceptible than austenitic steels to precipitation of
phases causing embrittlement. They have better tough-
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ness and ductility than ferritic grades, although they do
not reach the high values of austenitic grades.

After melting, duplex stainless steels solidifies from
the liquid phase to a completely ferritic structure. As the
materials cool, about half the ferritic grains transform to
austenitic grains. In the solution of annealed condition (at
about 1000°C) [5], decomposition of the ferritic phase
may lead to higher hardness, yield stress and ultimate
tensile strength, although this decreases ductility and
toughness. The partitioning of the alloying elements be-
tween the two phases and microstructures helped to un-
derstand the corrosion phenomenon of the alloys. The
chemical composition of each phase may vary as the an-
nealing temperature varies. The contents of Cr and Mo
may change slightly in the ferrite phase because they are
ferrite formers and partitioned more into that phase. The
nitrogen concentration in the austenite phase may de-
crease with temperature as the volume fraction of austen-
ite increases. This could lead to increasing pitting corro-
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sion resistance of duplex stainless steel. Chromium and
Mo enrichment can occur in the ferrite phase, while Ni
and N may concentrate in austenite phases [6].

This article reports the effect of composition and mi-
crostructure on the corrosion behaviour of the samples in
sulphuric acid and sulphuric acid with chloride environ-
ment.

2. Experimental

The metallurgical characterization was performed by
means of Scanning Electron Microscopy (SEM) and X-
ray diffractometry (XRD). The chemical composition of
ferrite and austenite were determined by means of energy
dispersive spectrometry (EDS) with the quantitative mea-

surements performed with a standard less ZAF correction.

The austenite content was measured by quantitative met-
allography using a grid. Electrochemical etching was
done in 40 g of NaOH in 100 ml distilled water to re-
veal the microstructures, the etchant coloured ferrite dark
[7].

The response of these alloys in sulphuric acid and
sulphuric acid with chloride solutions were evaluated by
the potentiodynamic tests. The duplex stainless steels
samples are the working electrodes which were embed-
ded in epoxy resin. Prior to each experiments the work-
ing electrode was wet ground mechanically using suc-
cessive grade emery papers from 350 to 800 grit to avoid
crevice corrosion, the interface between specimen and
resin was sealed with special silica gel sealant and dried
in air. The exposed electrode4 surface area was 10 mm?.
All potentials recorded were measured with respect to
saturated calomel electrode (SCE), the counter electrode
was graphite. The corrosion tests were performed in
naturally aerated 1 M H,SO, aqueous solution with two
different concentration of sodium chloride (0, 0.1% CI).
The polarization curves were performed with potentiostat
equipped with GPES 4.19 software. The scan rate was
0.001 V. The test solutions were 1 M H,SO, and 1 M
H,SO, with 1% NaCl. The solutions were made from
analytical grade reagents and distilled water. All the
electrochemical tests were performed at constant tem-

peratures; water bath was used to control the temperature.

All the experiments were performed in triplicate and
good reproducibility were observed.

3. Results and discussion
3.1. Metallography

Three experimental alloys (2101, 2205 and 2507) were
used, the alloy composition are shown in Table 1. The
molybdenum (Mo) content was higher in 2507 and
was lowest in 2101. Higher Mo and Cr content was seen
in 2205 and 2507 than 2101.

The percentage of ferrite was estimated by quantitative
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analysis using grid (Table 2). The volume fraction
showed that all the duplex stainless steel understudy had
austenite: ferrite ratio between 70:30% which is accept-
able for duplex stainless steel. The 2507 had an almost
50:50, austenite:ferrite ratio which is very beneficial to
the microstructure and corrosion resistance of 2507. It
was observed that the almost equal volume fraction helps
in improving the corrosion resistance of duplex stainless
steel [1].

The concentrations of major elements in ferrite (o) and
austenite (y) phase analyses by EDX are listed in Table
3.

It is clearly shown that alloying elements such as Cr
and Mo enrich in ferrite phase while Ni concentrate in
austenite phase. These have also been reported [8,9].

Figures 1-3 show the X-ray diffraction patterns of the
duplex stainless steel samples. The peaks corresponding
to austenite and ferrites were identified. The pattern from
the as-received sample 2101 is shown in Figure 1. XRD
showed that the 2101 DSS sample was composed of fer-
rite and austenite. The strongest X-ray peaks were those
of ferrite. This is a good pattern with low background.
Figure 2 presents the XRD pattern for 2205 duplex stain-

Table 1. Composition of the Duplex stainless steels (Iron is
balance).

Element (wt%)

Alloy
Cr Ni Mn N Mo

2101 215+0.7 15+03 48+00 02+00 05=%05

2205 22507 55+14 20+x00 02+00 33x04

2507 25014 70x14 12+00 03+01 40x14

Table 2. Volume fraction (%) of phases in duplex stainless
steels.

Alloys 2101 2507 2205

Ferrite (a) 51.2+5.9 49.3+4.6 31.2+5.2

Austenite () 488+59  507+46 68852

Table 3. Composition of alloying elements in ferrite and
austenite phases obtained by EDS (Iron is balance).

ssD esahP iN rC nM oM iS

a 19+01 222+01 50+01 0300 10%0.1
2101

y 25+02 206+00 58+01 0.0+00 08+£0.0

a 42+03 253+04 1702 0.3%0.1
2205

y 74+03 206+04 3.04+04 - 0.3+0.1

a 58+03 260+15 00+00 41+04 050+0.1
2507

y 86+01 248+04 09+00 28+01 0400
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Figure 1. X-ray diffraction pattern of 2101 duplex stainless
steel.
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Figure 2. X-ray diffraction pattern of 2205 duplex stainless
steel.
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Figure 3. X-ray diffraction pattern of 2507 duplex stainless
steel.

less steel, with austenite having the highest peak intensity.
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The highest peak for 2507 (Figure 3) was the ferrite
peak.

The SEM micrograph of as-received 2101 is presented
in Figure 4 showing austenite in a ferritic matrix. The
austenite particles showed irregular interfaces. The SEM
image of 2205 duplex stainless steel is presented in
Figure 5, showing austenite particles randomly dispersed
in matrix of ferrite. Porosity was observed in the micro-
graph. Figure 6 presents the SEM micrograph of 2507
duplex stainless steel and alternate bands of austenite and
ferrite were observed. Annealing twins were also ob-
served. For all the samples two phases (austenite and fer-
rite) were observed. Inter-metallic phases were not ob-
served.

3.2. Potentiodynamic Tests

When a metal is immersed in acidic solution, at equilib-
rium the rate of metal dissolution is equal to the rate of
anodic reaction. Corrosion potential (E) is the poten-
tial associated with the equilibrium condition when the
potential is made more positive than the open circuit po-
tential, the current density for metal dissolution increases

Figure 4. BSE-SEM micrograph of 2101 DSS showing fer-
rite (dark, 2), austenite (light, 1).

Figure 5. BSE-SEM micrograph of 2205 DSS showing fer-
rite (dark) and austenite (light).
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Figure 6. BSE-SEM micrograph of 2507 DSS showing fer-

rite (dark) and austenite (light).

steadily until it reaches a critical potential which is called
primary passivation potential (Ey), and critical current
density (igit) where the current density decreases to a
lower value. The protective oxide layer result from the
drop in the current density. Increased in the applied po-
tential thickens the protective oxide layers. The current
density associated with passing of the metal ions through
the film becomes independent of the applied potential.
Figure 7 showed the potentiodynamic curves obtained
for the 3 samples in 1 M sulphuric acid. The current den-
sity (ieri) Was higher for 2101 than for 2507 and 2205
while the most negative corrosion potential was observed
in 2101; thus 2101 duplex stainless steel had lower cor-
rosion resistance than 2205 and 2507 in 1 M sulphuric
acid this is probably due to the lower chromium and Mo
content of the alloys. In sulphuric acid (Figure 7), there
was an active-passive transition for 2205 and 2507 DSS.
Passivity occurs in a shorter range of potentials in 2101
indicating a high tendency for localised corrosion. In-
creased in the current density of 2101 at very high poten-
tial is probably due to the oxygen evolution correspond-
ing to the oxidation of water. The presence of wide pas-
sivation plateau was observed for 2205 and 2507. From
the curve in Figure 7, it is evident that 2205 presents a
good corrosion resistance comparable to that of 2101 and
2507. This is probably due to formation of a protective
oxide film formed on the surface which is mainly chro-
mium oxide. The potentiodynamic curves showed that
2205 and 2507 had the same tendency to form passive
films, in both cases 2205 and 2507 experience pitting
corrosion for potentials above 0.5 V vs SCE. At potential
higher than the pitting potential an increased in current
density with potential were observed, this is due to the
breakdown of the passive films formed on the surface.
These increased in the current density with potential oc-
curs at a lower potential for 2101 than for 2205 and 2507
which could initiates an evolution of oxygen or start of
pitting corrosion.
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With the purpose of evaluating the effect of chloride
on the corrosion behaviour of the samples understudy.
Polarization curves were performed in 1M sulphuric acid
contaminated with 1% NaCl. The result was shown in
Figure 8. The potentiodynamic curves for 2101, 2205
and 2507 stainless steels are similar. Active dissolutions
were observed in the samples. 2101 samples had higher
current density than 2205 and 2507. The pitting poten-
tials are greater than 0.8V vs SCE for the three samples.
The curves show pseudo-passivity. An increased of cur-
rent density with potential were observed.

Since corrosion potential is a mixed potential at which
the absolute values of the anodic and cathodic currents
are equal and considering that the cathodic process cor-
responds to hydrogen evolution, it is normal that the
corrosion potential shows the tendency of the samples to
corrode. The resistance to pitting attacks was governed
mainly by chromium and molybdenum content. The
volume fraction did not influence the corrosion resistance.
All the steels understudy were duplex, their austenite and
ferrite ratio were in the range of 70:30 which is accept-
able.

4. Conclusions

X-Ray diffraction analyses, SEM image results and the
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Figure 7. Potentiodynamic curves of 2101, 2205 and 2507
duplex stainless steels in 1 M H,SO, at 25°C.
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Figure 8. Potentiodynamic curves of 2101, 2205 and 2507
duplex stainless steels in 1 M H,SO, + 1% NacCl at 25°C.
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volume fraction results agreed together.

The elemental analyses of the phases showed that the

element partitioned more into the phases that they pro-
moted.

The corrosion resistance of 2101 is lower than 2205

and 2507 in 1 M sulphuric acid and 1 M sulphuric acid +
1% sodium chloride which could be due to the lower
chromium and molybdenum content.

The similarity observed between the samples of 2205

and 2507 as compared to 2101 could be due to the con-
tents nickel and molybdenum in the alloys.

The corrosion resistance 2507 in the studied media is

better than all the other samples under study which could
be a synergistic effect between chromium, molybdenum
and manganese content.
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