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In the present work, the effect of grain size on deleterious phase precipitation in a
superduplex stainless steel was investigated. The materials studied were heat treated
isothermally at 800 °C, 850 °C and 900 °C for times up to 120min. Hardness tests, light optical
microscopy, scanning electron microscopy and X-ray diffraction were carried out to detect
sigma and other harmful precipitate phases. The ferritic and austenitic grain sizes in the
solution treated condition of the two steels analyzed were measured by electron
backscattered diffraction (EBSD). Cyclic polarization corrosion tests were performed to
evaluate the effect of grain size on the corrosion resistance. The results presented show that
the precipitation of deleterious phases such as χ, σ and γ2, which can occur during welding
and forming operations, is retarded by grain growth.
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1. Introduction

Due to their high corrosion resistance and improved mechan-
ical properties superduplex stainless steels (SDSS) are exten-
sively used in petrochemical plants such as facilities in
modern oil platforms and off-shore process equipment.
Pipes, pumps, pressure vessels, separators and heat exchan-
gers are some examples of these applications.

It is well established that the best mechanical and
corrosion resistance properties of duplex and superduplex
steels are found with a microstructure with approximately
equal amounts of austenite and ferrite [1], and when other
tertiary phases are not present. These phases, such as sigma
(σ), chi (χ), secondary austenite (γ2), chromium carbides and
nitrides must be avoided due to their adverse effects on
mechanical and corrosion resistance properties.

For instance, in duplex stainless steels, σ can be formed
in the 600–1000 °C range. However, this interval is strongly
4; fax: +55 21 2629 5368.
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dependent on the chemical composition of the alloy [2]. Sigma
phase is considered the most dangerous because of its
influence on toughness and corrosion resistance [3,4]. Chi is
a Mo-rich phase which forms before σ phase. In fact, χ and σ
provoke similar effects on thematerials properties, but are not
well distinguished by optical microcopy [5].

Nucleation and growth of deleterious phases has been
studied by many authors [6–11]. Some findings that have been
reported included:

- The formation of σ and χ occurs from the ferrite phase, due
to its higher Cr and Mo concentrations, and also due to the
higher diffusivities in this phase [6,8].

- γ/δ boundaries, austenitized δ/δ sub-grain boundaries and
high energy δ/δ boundaries are, in this order, preferential
sites for σ nucleation [6].

- Precipitation of Cr23C6 may occur before σ precipitation,
delaying its formation in SDSS with higher carbon contents
.
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Table 1 – Characteristics of the as received steels

Material
designation

Product
form

Dimensions
(mm)

Heat
treatment

Standard

SD-A UNS
S32750
(fine
grain)

Tube Ø=273;
t=9.5–15.88

Solution
treatment

ASTM A
928

SD-B UNS
S32750
(coarse
grain)

Bar Ø=203.20 Solution
treatment

ASTM A
479

Table 2 –Mechanical properties of materials analyzed

Material σYS. (MPa) σUTS (MPa) Elongation in 50 mm (%)

SD-A 608 879 33.5
SD-B 535 735 35.0

Fig. 1 –As received materials etched with Beraha's reagent:
(a) SD-A; (b) SD-B.
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[6,8]. In duplex stainless steels with very low carbon (b0.02%,
for instance) chromium carbide precipitation is improbable
[6,10].

- σ is found to precipitate in association with γ2 by a reaction
δ→σ+γ2. Secondary austenite may also nucleate alone at the
δ/δ boundaries in elevated temperatures due to high diffusion
in these boundaries; however, it can also nucleate in Cr2N
particles inside the ferrite grains. Finally, secondary austenite
(γ2), that refers to any austenite that forms upon re-heating,
can also be formed by growth of the former austenite islands
[11]. Oneof the characteristics of this phase is the lownitrogen
content, which leads to a poorer corrosion resistance when
compared to the former austenite [9].

In the present work the kinetics of precipitation of the
deleterious phases were compared in two SDSS UNS S32750
steels with similar composition but quite different grain sizes.
The objective was to evaluate the effect of grain size on the
formation of deleterious phases in the SDSS UNS S32750.
2. Experimental

In this work, two superduplex stainless steels, grade UNS
S32750, designated “SD-A” and “SD-B”, were purchased in the
solution treated condition. Table 1 shows the main character-
istics of eachmaterial, Table 2 shows the tensile properties and
Table 3 shows the chemical compositions. Grain sizes of each
material were determined by electron backscattered diffraction
(EBSD) using a scanning electron microscope (SEM) equipped
with an Oxford 300 EBSD system. Samples were prepared by
grinding and polishing with colloidal silica for 10 min.
Table 3 – Chemical compositions of materials studied

Material %w

Cr Ni Mo Mn Si

SD-A 24.57 6.68 3.75 0.83 0.34
SD-B 24.80 6.75 3.79 0.78 0.54
Specimenswith dimensions 15×10×5mmof eachmaterial
were cut for heat treatments and analysis. The samples were
exposed at 800 °C, 850 °C, and 900 °C for 5, 15, 30, 45, 60, 90 and
120 min. After these treatments the Vickers hardnesses were
determined in each condition with 30 kgf load. Volumetric
fractions of austenite and ferrite in the as received materials,
and deleterious phases in aged samples, were determined by
quantitative metallography using Image Tool software [12].
The samples were prepared by grinding, polishing and etching
by one of the following procedures:

- Electrolytic etching in a KOH solution (100 ml H2O+15 g
of potassium hydroxide), applying 3 V for 12 s. The
parameters of this reagent were adjusted to reveal clearly
σ phase and other deleterious phases, such as χ, γ2, and
eventually Cr2N that precipitated in association with σ
[5,13].
t. (%Fe=balance)

N Cu W C P S

0.28 0.25 – 0.02 0.026 0.000
0.27 0.10 0.04 0.019 0.026 0.001

http://ddsdx.uthscsa.edu/dig/itdesc.html
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- To reveal phases in the solution treated condition,
immersion etching in Beraha's solution (100 ml H2O+
20 ml HCl+0.3–0.6 g of potassium metabisulfite) was used
[14].

Characterization of deleterious phases was performed in a
scanning electron microscope, JEOL 6460LV, for some of the
heat treated samples.

X-ray diffraction was carried out on selected specimens.
A Phillips X'PertPro diffractometer was used with CoKα
(λ=0.17890 nm) without a monochromator. Other measured
parameters were: voltage 40 kV, current 40 mA, angular
interval (2θ) 35–110°, angular step 0.02° and counting time 3 s.

Anodic polarization tests were conducted at room tempera-
ture using a potentiostat-galvanostat Ominimetra® PG-40. The
tests were conducted in a conventional three-electrode cell,
with Pt foil as the auxiliary electrode, and a saturated calomel
electrode (SCE) as the reference electrode. The working elec-
trode was constructed using the SDSS samples embedded in
epoxy resin, with a copperwire providing electrical contact. The
tests were initiated after nearly steady-state open circuit
potential (Eoc) had developed (about 30 min). After that, a
Fig. 2 –EBSD images from SD-A in the as received condition
used to (a) ferrite grain size measurement and (b) austenite
grains size measurement.

Fig. 3 –EBSD images from SD-B in the as received condition
used to (a) ferrite grain size measurement and (b) austenite
grains size measurement.
potential sweep was applied in the anodic direction at 1 mVs−1

until a current density of 1 mA/cm2 was reached. Prior to each
experiment, the working electrodes were ground and polished
with 0.1 µm alumina paste, degreasedwith alcohol and cleaned
in water. The edges of the samples were protected to avoid
crevice corrosion. The working solution was 1 M H2SO4+1 M
NaCl. The corrosion behavior was evaluated by the absolute
value of the pitting potential (Ep).
Table 4 – Percentages of ferrite and austenite and grain
sizes in materials SD-A and SD-B as received

Ferrite (δ) Austenite (γ)

Material Amount
(%)

Grain size Amount
(%)

Grain size

µm ASTM
no.

µm ASTM
no.

SD-A 55.05 29.42 12.1 44.95 24.75 12.3
SD-B 49.95 132.36 9.9 50.05 138.32 9.9
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3. Results and Discussion

Fig. 1(a) and (b) show the as received microstructures of SD-A
and SD-B. These images were taken with the samemagnifica-
tion. Beraha's etching does not reveal austenite and ferrite
grain boundaries, but it's clear that material SD-A presents a
much finer microstructure than SD-B. The measurement of
grain sizes was performed by EBSD in the scanning electron
microscope. Figures such as Fig. 2(a) and (b), from the same
field, were used to determine the average ferrite and austenite
Fig. 4 –Light optical microscope images from samples aged for 3
(d) SD-B—800 °C; (e) SD-B—850 °C; (f) SD-B—900 °C.
grains, respectively, in SD-A. Similarly, Fig. 3(a) and (b) are for
SD-B. Figs. 2(a) and 3(a) show austenite grains as black and
ferrite grains with different tonalities in grayscale, where each
tonality corresponds to a specific crystallographic orientation.
Figs. 2(b) and 3(b) show ferrite as black and austenite in
grayscale. The grains are distinguished by the tonality when
the angular difference of orientation between them is greater
than 15°. Considering this fact, the EBSD software calculates
the average austenite and ferrite grain sizes. Table 4 shows the
ferrite and austenite percentages and average grain sizes
measured by EBSD by analysis of 10 different fields.
0 min: (a) SD-A—800 °C; (b) SD-A—850 °C; (c) SD-A—900 °C;



Fig. 5 –Amount of deleterious phases as function of aging
time at 800 °C, 850 °C and 900 °C in SD-A and SD-B.

Fig. 7 –X-ray diffractograms of samples SD-A aged at 800 °C
for 15 min and 60 min.
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Fig. 4(a–f) show the light optical microscope (LOM) images
of specimens of SD-A and SD-B aged at 800, 850 and 900 °C for
30 min. The electrolytic etching with the KOH solution reveals
deleterious phases as black regionswhich can be quantified by
image analysis. Fig. 5 shows the percentage of the deleterious
Fig. 6 –SEM images from samples treated at 800 °C for 60min:
(a) SD-A and (b) SD-B.
phases as a function of aging time at 800 °C, 850 °C and 900 °C
for materials SD-A and SD-B. The quantification in each
condition was performed by analyzing 20 fields using different
magnifications.

The differentiation between the deleterious phases may
be obtained by careful examination in a scanning electron
microscope (Fig. 6(a) and (b)). The χ phase corresponds to the
light particles precipitated at the grain boundaries, while σ phase
are gray particles. Black regions near σ and χ are chromium and
molybdenum-depleted matrix grains, corresponding probably to
γ2 particles.

Fig. 7 shows the X-ray diffractograms of SD-A aged at 800 °C
for 15 and 60 min. At these conditions, concentrations of 9.1%
and 26.0% of the deleterious phaseswere determined by image
analysis. Diffractograms of material SD-B aged at 800 °C for
60 min (not shown) presents almost imperceptible σ and χ
peaks. Small amounts of χ and σ are not detected by X-ray
diffraction due to overlap between χ and σ peaks with δ
and, mainly, γ reflections, among other factors. A similar
Fig. 8 –Hardness against aging time at 800 °C, 850 °C and
900 °C in SD-A and SD-B.



Fig. 9 –Anodic polarization curves from SD-A samples: as
received (solution treated); 800 °C/60 min and 800 °C/1 h.

Table 5 – Pitting potential (Ep) values obtained in 1 M
H2SO4+1 M NaCl solution

Treatment
condition

Material SD-A Material SD-B

% (deleterious
phases)

Ep
(VSCE)

% (deleterious
phases)

Ep
(VSCE)

As received (ST) 0 0.94 0 0.94
800 °C/60 min. 9.09 0.37 0.83 0.97
800 °C/1 h 25.99 0.06 7.75 0.35
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conclusion was obtained by Kim et al. [15]. Nevertheless, the
diffractogram of a specimen aged at 800 °C for 60 min shows
clearly one of the χ reflections (332), which is in agreement
with the SEM analysis.

Cr, Mo and Si are the main elements which increase the
susceptibility to σ phase precipitation. The “sigma equivalent”
(σeq) is a parameter proposed by Ramirez-Londoño [2] to
measure the tendency of a DSS or SDSS to σ precipitation:

req ¼ XCr dð Þ þ 4:5dXMo dð Þ þ 1:5dXSi dð Þ ð1Þ

where, XCr(δ), XMo(δ) and XSi(δ) are the amounts of Cr, Mo and Si
in the ferritic matrix.

SD-B presents slightly higher concentrations of Cr, Mo
and Si than SD-A. Besides this, the amount of ferrite is lower in
SD-B, which means that these elements are more concen-
trated in the ferrite phase of this material than in SD-A. All
these facts could determine, by Eq. (1), a higher kinetics of σ
Fig. 10 –Anodic polarization curves from SD-B samples: as
received (solution treated); 800 °C/60 min and 800 °C/1 h.
precipitation in SD-B. However, it is clear that the higher grain
size of SD-B exerts a stronger influence, and retards σ and
other deleterious phase precipitation, as shown in Fig. 5. Since
γ/δ and δ/δ grain boundaries are the main sites for χ, σ and γ2
nucleation, the increase of grain size must naturally retards
δ→χ and δ→σ+γ2 reactions. This effect was more determi-
nant to deleterious phase precipitation than the small
composition differences between SD-A and SD-B.

Fig. 8 shows the hardness against aging time curves for
SD-A and SD-B. The curves are very similar in shape to those
of Fig. 5. However, in the initial stages of σ and other phase
precipitation the hardness does not increase, and even a
small softening is observed. Similar results were reported by
Tavares et al. [16] and Nilsson et al. [4] for a duplex stainless
steel (DSS) and a SDSS, respectively.

One of the main effects of deleterious phases in DSS and
SDSS is a decrease of corrosion resistance [3,8]. Figs. 9 and 10
show the anodic polarization curves of materials SD-A and
SD-B, respectively, each in the as-solution treated and 800 °C
by 15 and 60 min heat treated conditions. Table 5 shows the
pitting potential values obtained from the polarization tests.
The coarse-grained SD-B material maintains a high Ep value
after aging for 15 min at 800 °C, while the fine-grained SD-A
steel presents a much lower Ep value when aged at the same
condition. This is almost assuredly due to the lower percen-
tage of deleterious phases in SD-B (0.83%) than in SD-A (9.1%).
After 60 min of aging at 800 °C, however, both materials
present low Ep values. Fig. 11(a) and (b) show the as-solution
treated materials SD-A and SD-B after the corrosion tests. In
both materials it is observed that some pits nucleated in the
ferrite phase. Fig. 11(c) shows the SD-A aged at 800 °C for
15 min. A higher density of pits can be seen in the ferrite
phase after this heat treatment compared to the solution
treated material. Fig. 11(d) shows in detail the severe attack
suffered by the ferrite phase.
4. Conclusions

The present study of the influence of grain size on the
precipitation of deleterious phases in superduplex stainless
steel UNS S32750 allow us to conclude:

- An increase of grain size reduces the kinetics of decomposi-
tion of ferrite into deleterious phases. Thus SD-B exhibits a
lower tendency for the precipitation of deleterious phases
than SD-A.

- A decrease in corrosion resistance occurs for both materi-
als after exposure at 800 °C, although the decrease occurs in



Fig. 11 –Pits and corrosion attack observed just after the anodic polarization tests: (a) SD-A-ST (as received); (b) SD-B-ST (as received);
(c) and (d) SD-A-800 °C/15 min.
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much shorter exposure times for SD-A than for SD-B. This
reflects the lower concentration of deleterious phases in
SD-B.

- The increased grain size of the SD-B material tends to
mitigate the decrease in corrosion resistance after the
800 °C heat treatment.

- Pitting resulting from the anodic polarization tests was
found to be concentrated in the ferrite phase, thus was
more pronounced in the SD-A materials with higher ferrite
fraction.
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