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The effects of aging heat treatment on localized corrosion behavior in lean duplex stainless steel with 0-2%
Mo were investigated. The cold-rolled samples were solution-treated at 1050 °C for 5 min, and during
subsequent aging at 700 °C, precipitation of a secondary phase occurred at the a-phase interior and/or the
a/y-phase boundary; this precipitate was confirmed as Cr,N. Less Cr,N was precipitated with increasing
Mo content than with increasing aging time. The pitting potential (E;) and critical pitting temperature
values decreased drastically, even after 5 min of aging time, compared with the as-solutionized steel; the
values decreased with aging time. This behavior was likely caused by the depletion of Cr and N components
related to precipitation of Cr,N at the a/y-phase boundary.
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1. Introduction

Duplex stainless steel (DSS) is composed of dual-phase
structures with ferritic (o) and austenitic () phases and exhibits
better combination of mechanical properties and corrosion
resistance compared with single-phase stainless steels (Ref 1-
3). DSSs are conventionally high-alloy steels in which the
equilibrium-phase fractions depend on the alloying elements.
Various secondary phases formed during the heat treatment of
DSS deteriorate its mechanical properties and corrosion
resistance. The typical secondary phase of DSS is known as
the g-phase, which occur during heating in a specific temper-
ature range (Ref 4). Some recent works (Ref 5-7) where the
effect of heat treatments on the corrosion and mechanical
properties of DSS is studied regarding precipitation of the
sigma phase.

The o-phase precipitation can be promoted by the addition
of Cr and Mo elements (Ref 8-11), and arises from the
decomposition of the ferrite phase, which is closely associated
with the formation of chromium nitride (mostly Cr,N) precip-
itates (Ref 12-15). DSS is more expensive than 300-series
austenitic stainless steel with similar corrosion resistance.
Hence, lean DSS containing reduced Ni and Mo contents has
been extensively studied (Ref 16, 17). Molybdenum improves
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pitting and corrosion resistance; therefore, most types of DSS
contain Mo element. The addition of Mo improves pitting
resistance by thickening the passive film (Ref 18-21) and
improves surface repassivation properties (Ref 22-24). How-
ever, when a large amount of Mo is present, the secondary
phase can be easily precipitated during annealing or cooling,
which is a major concern because it causes embrittlement and
deteriorates corrosion resistance (Ref 25). Research has been
conducted to reduce the content of the expensive Mo element
while maintaining corrosion resistance and mechanical proper-
ties (Ref 26-30). However, there have been few reports
concerning corrosion resistance related to formation of the
secondary phase in lean DSS as a function of Mo content and
aging treatment. It is very important to understand the pitting
corrosion behavior in lean DSS with different molybdenum
content.

The microstructural evolution of lean DSSs with Mo
contents of 0-2 wt.% after aging treatment at 700 °C was
investigated in this study, and the pitting corrosion resistance of
the steels was compared with regard to precipitation of the
secondary phase. Thus, the effect of Mo addition on the
precipitation of second phase and consequently the pitting
corrosion was discussed.

2. Experimental

21Cr lean DSSs with 0-2% Mo component were hot rolled
followed by cold rolling into 1 mm thick plates, subsequently
solution-treated at 1050 °C for 5 min, and aged at 700 °C for
various intervals. Table 1 shows the chemical compositions of
the steel plates, which was determined using an optical
emission spectrometer (LAVM10) and an elemental analyzer
(TC600; LECO). There was little difference in the results of
two techniques. Hereafter, the DSS samples are referred to as 0,
1, or 2Mo steel. The solutionized steels were aged at 700 °C for
5-1200 min, then water-quenched. For microstructural obser-
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Table 1 Chemical compositions (wt.%) of duplex stainless steels

Grade Cr Ni Mn Si Cu C N Mo Fe
0Mo 21.10 1.00 3.62 0.71 0.78 0.028 0.19 0.02 Bal.
1Mo 21.10 1.00 3.60 0.71 0.79 0.030 0.20 1.00 Bal.
2Mo 21.20 0.99 3.70 0.71 0.79 0.029 0.22 1.93 Bal.

vation using optical microscope (OM), samples were polished
and electrolytically etched (at 0.5 V for 1 min) in a nitric acid
solution (60% distilled water + 40% nitric acid) using a
electrolytic polishing machine (Lectropol-5; Struers).

In order to examine the influences of Mo addition and aging
treatment on pitting corrosion resistance, the potentiodynamic
polarization method was carried out using a Gamry Reference
600 instrument. Specimens for working electrodes were cut to
the dimension of 50 x 50 x 10 mm?®, and mechanically
polished to 2400 grit using SiC emery paper. The electrode
potential was measured with respect to the saturated calomel
electrode (SCE), and a platinum foil was used for the counter
electrode. The tests were performed in a solution (3.5% NaCl)
made by dissolving NaCl powder (99.6% pure) in distilled
water. The electrolytes were maintained at 30 £ 1 °C during
tests and continuously purged with purified argon gas to
deaerate the solution. The potential was anodically scanned at a
rate of 0.333 mV/s from — 500 mV (SCE) to the potential at
which the current density exceeded 100 pA/cm?®. Pitting
potential (£;;) was identified on the basis of the regulation of
ASTM G 150.4 as the potential where the current density
reached 100 pA/cm?.

To obtain the critical pitting temperature (CPT), potentio-
static tests were also performed by applying an anodic potential
of 300 mV (SCE) on the specimen, with the electrolyte
temperature continuously increasing at a rate of 1 °C/min until
the current density rapidly increased. The CPT of the samples
was defined by polarization curves as the temperature at which
the current density continuously exceeded 100 uA/cm?® accord-
ing to the standard ASTM G150. Before the test, pure nitrogen
gas (N,) was bubbled through the electrolyte to remove oxygen
gas (0O;). The mean value was determined using at least five test
results from potentiodynamic polarization and CPT potentio-
static tests for each sample to ensure reliability.

The o- and y-phase contents of each sample were calculated
using a commercial software (Thermo-Calc v.10) and the
database (TCFE6.2); these data were then used to calculate the
pitting resistance equivalent number (PREN). To observe the
early stage of pit formation, specimens were mechanically
polished using alumina solution with a particle size of 0.01 um,
and then were immersed in a 4 mol/L NaCl + 0.01 mol/L HCI
solution at 30 °C for 5 min. The etched specimens were
observed using a field-emission electron probe microscope (FE-
SEM; JSM7001F; JEOL). Field-emission electron probe
microanalysis (FE-EPMA; JXA8530F; JEOL) was also used
to examine the elemental distribution in the phases of « and 7.
To characterize the secondary phase precipitation, a field-
emission transmission electron microscope (FE-TEM; Tecnai
Osiris; FEI at 200 kV) with a Z-contrast high-angle annular
dark  field-scanning transmission electron  microscope
(HAADF-STEM) was used by preparing a carbon (C) replica.
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Table 2 Phase fractions of a- and y-phases of duplex
stainless steels using by Thermo-Calc data and the test
results by image analyzer

Thermo-Calc Image analyzer

0Mo 1Mo 2Mo 0Mo 1Mo 2Mo

o-phase 55 68 70 56 60 65
y-phase 45 32 30 44 40 35

3. Results and Discussion

3.1 Microstructural Evolution during Aging

Table 2 shows the o- and y-phase contents of each sample by
Thermo-Calc data and the test result to be measured using by
image analyzer with optical microscope. The ferrite-phase
fraction increased with Mo content, and it is overall slighter
higher in Thermo-Calc data compared with the test result using
image analyzer. Figure 1 shows the FE-SEM microstructure of
three DSSs as a function of aging time. As shown in Fig. 1(a),
the o-ferrite and y-austenite phases are identified by light and
dark colors, respectively. The white arrow at the o/y-phase
boundaries in Fig. 1(c) indicates nucleated intermetallic pre-
cipitates, and the dark spots at the a-phase interior should be
pits or localized corrosion. With the increase in aging time, the
amount of precipitates at the o/y-phase boundaries increased
and the size of spots grew. With the increase in Mo content, the
fraction of o-phase increased and the amount of precipitates at
o/y boundaries and dark spots in a-phase decreased. A SEM
micrograph and field-emission electron probe microanalysis of
1Mo steel had been aged for 60 min in which lots of secondary
phases were observed at the o/y-phase boundaries (Fig. 2). The
formation of precipitates was confirmed in the phase boundary
regions and is indicated by arrows. The elemental mapping
analysis using FE-EPMA describes that Cr and nitrogen (N)
elements were aggregated at the o/y-phase boundary, in
opposition to the findings before aging. This result implies
that nitride-containing Cr has been formed through aging as a
result of the redistribution of Cr and N at the a/y-phase
boundary.

When DSS is exposed at 600-1000 °C for an extended
interval, precipitates (e.g., CroN or Cry3Cg) can form during
decomposition of the ferrite phase. Formation of such high-Cr-
containing precipitates should result in areas locally depleted of
Cr around the precipitates; this area is known to form a
secondary austenite phase (y2) (Ref 31-33). During aging, local
segregation occurred in the o/y-phase boundary area because
redistribution proceeded in the o- and y-phases containing high
amounts of Cr and N, respectively. Because of this redistribu-
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Fig. 1 Field-emission scanning electron microscope micrographs of (1) Mo-free, (2) 1Mo, and (3) 2Mo duplex stainless steels after aging at
700 °C for (a) 0, (b) 5, (¢) 30, (d) 60, and (e) 120 m The number of in, and (f) 20 h. (the specimens were immersed in a 4 mol/L
NaCl + 0.01 mol/L HCI solution)
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Fig. 2 (a) Backscattered electron image of the ferrite/austenite-phase boundary and elemental mapping images for (b) Cr and (c) N across the
o/y-phase boundaries in a 1Mo duplex stainless steel sample aged at 700 °C for 60 min using a field-emission electron probe microanalysis
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Fig. 3 Polarization curves of duplex stainless steel for different aging intervals. (a) 0Mo, (b) 1Mo, and (c) 2Mo

tion, precipitates containing high levels of Cr and N were
formed, while Cr and N were diminished from the surrounding
area (Ref 31). The precipitation of Cr,N causes local compo-
sitional changes and consequently affects the stability of the
surrounding o- or y-phase. Cr depletion due to Cr,N precip-
itation is expected at the o/y-phase boundaries, thus affecting
local corrosion behavior (Ref 34).

3.2 Pitting Corrosion Behavior

The PREN is one of the measurements of pitting resistance
(localized corrosion) of stainless steels, calculated using Eq. 1
as follows (Ref 35, 36):

PREN = %Cr + 3.3%Mo + 30%N—1.0%Mn (Eq 1)

where the concentration of the alloying element is expressed as
wt.%. When Cr is 1 wt.%, the index is 1, and Mo has a 3.3-fold
greater effect than does Cr. Thus, it is possible to evaluate the
pitting resistance of stainless steel according to the PREN
formula. Figure 3 presents potentiodynamic polarization curves
of the DSS specimens measured in 3.5% NaCl solution. All the
curves show similar trends with distinct active—passive transi-
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tion having passivity region with constant current density in a
potential range. Several current peaks in all the steel samples
appeared in the passive region, indicating depassivation and
repassivation. This should be caused by the surface defects
such as micropores formed during solidification, inclusions or
precipitates (Ref 37). It can be seen also that there are no
significant differences in the corrosion current density of each
sample despite of various Mo contents and different aging
intervals, that is, corrosion rate among the experimental range
was not significantly influenced. However, as predicted, the
pitting potential (E,;) which was identified as the potential
where the current density reached 100 uA/cm? increased with
an increase in Mo content. With the increase in aging time, the
passive potential range was reduced and E; was also
decreased. The detailed results of £ from Fig. 3 are provided
in Table 3, where the E; increases with Mo content and
decreases significantly with aging time. However, the corrosion
potential (E.) was not distinctly influenced by Mo content and
aging time.

To confirm the polarization data, the CPT of each DSS
specimen was measured in 1 mol/L. NaCl solution (Fig. 4 and
Table 3). Figure 4(a) shows that the unaged steel (0Mo-0 min)
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had a CPT of 18.6 °C, but this rapidly decreased to less than
5 °C after 5 min of aging. The CPT continuously decreased
with an increase in aging time.

Figure 4(b) of 1Mo steel and Fig. 4(c) of 2Mo steel show
the same trend as 0Mo steel: CPT continuously decreases with
an increase in aging time. Regarding Mo-containing DSS, the
decreasing rate of CPT with aging time was smaller, compared
with the OMo steel. To corroborate the E,; and CPT results,
changes in E,;; and CPT as a function of aging time in OMo,
1Mo, and 2Mo steels are presented in Fig. 5. The E,;; and CPT
values displayed similar trends. With the increase in aging time,

While pits in unaged DSS were found mostly in the a-phase
region (Fig. 8a), DSS that had been aged for 20 h showed pits
formed at the o/y-phase boundary (Fig. 8b) where Cr and N
were dense. This indicated that nitride-containing Cr was
formed at the phase boundary. HAADF-STEM imaging
indicated that the nitride came from Cr,N (Fig. 9a). The
high-resolution Z-contrast STEM could provide incoherent
images, implying the possibility of an accurate characterization
of the precipitates. Rod-like particles were characterized as

E;; and CPT values both decreased for aging time intervals of
30 min to 20 h. e 40r —=—OMo
3.3 Pitting and Precipitation Analysis 30|
FE-DEM image of 1Mo DSS (Fig. 6a) shows that pits in §
unaged steels were present mostly in the a-phase region. — 20}
Regard DSS that had been aged for 30 min, more pits were 0
observed at the o/y-phase boundary than in the a-phase region. ©
After the longest aging interval of 20 h, most pits were 10+
observed at the o/y boundary. Figure 7 presents the area ratios
of pits initiated in the o-phase and the a/y-phase boundary areas
as a function of aging time. Regarding OMo steel, after 0 min of Ot L " L
aging, the relative area ratio of pits initiated in these regions 10 100 1000
was 7:3; after aging for 30 min, the ratio was reversed to 3:7. (a) aging time (min)
At 20 h of aging, the fraction of pits observed at the o/y-phase
boundary was 86%, which was identical in 1Mo and 2Mo
steels. Thus, although pitting occurred mostly in the a-phase
region in unaged steels, aging caused more pits to form at the o/ 05} —=—0Mo
y-phase boundary. —4— 1Mo
Figure 8 presents backscattered electron images of pits after __ 04} —e—2Mo
CPT testing and elemental mapping images (FE-EPMA) for Cr t"')
and N of 1Mo steel that had been aged for 0 min and 20 h. 2 03
>
= 0.2
Table 3 Pitting potentials (V) of duplex stainless steels b
for different aging intervals after polarization in 3.5%
NaCl solution at 30 °C 01r
Grade Omin Smin 30min 60 min 120 min 20 h 0.0 L L L
10 100 1000
0Mo 0205 0213 0202 0159 0108  0.077 (b) aging time (min)
1Mo 0.298 0.305 0.250 0.211 0.206 0.182
2Mo 0423 0395 0359 0327 0285  0.220 . o
Fig. 5 Comparison of the (a) critical pitting temperature and (b)
pitting potential of duplex stainless steel as a function of aging time
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Fig. 4 Typical critical pitting temperature test curves of current density as a function of the temperature of duplex stainless steel. (a) 0Mo, (b)

1Mo, and (c) 2Mo
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Fig. 6 Scanning electron microscopy morphologies of the corrosion pits of duplex stainless steel aged for (a) 0 min, (b) 30 min, and (c) 20 h
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Fig. 7 Estimated area ratios of pit formation in duplex stainless steels for different aging intervals. (a) OMo, (b) 1Mo, and (c) 2Mo

Cr,N precipitate (Fig. 9a), which had a hexagonal close-packed
(hep) crystal structure according to the analysis of the selected
area diffraction pattern as shown in Fig. 9(b).

As previously noted, during aging, local segregation
occurred in the a/y-phase boundary area, where the redistribu-
tion of Cr and N components occurred, resulting in the
localized precipitation of Cr,N. When precipitates containing
high levels of Cr and N are formed, Cr and N components are
depleted near the o/y-phase boundary area (Ref 32). Table 4
lists the equilibrium chemical composition of o- and y-phases
determined by Thermo-Calc software and calculated PRENS.
Before aging, pits preferentially formed in the a-phase (Fig. 7)
because of the lower PREN of the a-phase, compared with the
PREN of the y-phase (Ref 26, 38, 39). After aging, numerous
CroN precipitates formed at the o/y-phase boundary. This
should have led to much lower PRENs around the precipitates
because of Cr depletion, followed by the formation of more pits
at the boundary as aging time increases. This mechanism is
shown in Fig. 10, where the Cr-depleted zone formed in the
vicinity of Cr,N precipitates acted as preferentially the
initiation site of pit. We attempted to analyze the composition
of the tiny depleted zone, but the precise composition of Cr and
other elements could not be determined. Nevertheless, we
presume that the PREN of this zone in an aged sample was
much lower than the PREN in an unaged sample. Magnabosco
(Ref 40) reported that there was a reduction in pitting potential
with an increase in the degree of depletion of Cr and Mo, which
made possible the assessment of the localized corrosion
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resistance of ages 2205 DSS through simulation of o-phase
formation using by composition profiles. The reduction in £,
by the g-phase formation in the work (Ref 40) was much higher
compared with by Cr,N formation in this study, because E, of
unaged 2205 DSS was higher than that of lean DSS and o-
phase could form higher degree of depletion of the Cr and Mo
elements compared with Cr,N (Table 5).

4. Summary

The effects of Mo addition and aging of 21Cr lean DSS on
pitting corrosion resistance were investigated. Key findings of
the research were as follows:

1. The E,; values were in good agreement with measured
CPTs. Pitting resistance improved with an increase in Mo
content.

2. Aging at 700 °C caused local segregation in the area of
o/y-phase boundary where the redistribution of Cr and N
components occurred. This led to the precipitation of a
second phase, identified as Cr,N, which resulted from
depletion of Cr and N near the boundary.

3. The E, and CPT values decreased rapidly with an in-
crease in aging time. Thus, aging lowered the pitting cor-
rosion resistance.

Journal of Materials Engineering and Performance
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Fig. 8 Backscattered electron images of pits after critical pitting temperature testing, and field-emission electron probe microanalysis
distribution elemental mapping images for Cr and N, of 1Mo steel aged for (a) 0 min and (b) 20 h

Fig. 9 Images of CrN precipitates (a) on carbon replicas using a HAADF-STEM, and (c) STEM-BF and selected area diffraction pattern

(SADP) in 1Mo sample after aging at 700 °C for 60 min

Table 4 Critical pitting temperatures (°C) of duplex
stainless steels aged for different times

Grade 0 min S5min 30 min 60 min 120 min 20 h

OMo 18.6 2.9 1.7 1.6 22 0.7
1Mo 29.2 13.6 12.5 8.9 8.4 4.7
2Mo 43.0 30.7 25.4 243 21.9 9.8

Journal of Materials Engineering and Performance

Pitting occurred mostly in the a-phase region in unaged
DSSs, whereas more pits were observed at the a/y-phase
boundary after aging because of Cr depletion around
boundaries associated with the precipitation of high-Cr-
containing species, such as Cr,N.
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10 Schematic diagrams of pitting corrosion mechanism of

DSS at the Cr-depleted zone in the vicinity of Cr,N precipitates

Table 5 Chemical compositions (wt.%) and pitting
resistance equivalent numbers (PRENS) of a- and y-phases

of duplex stainless steels calculated using Thermo-Calc
software v.10 and the database (TCFE6.2)
Grade Phase Cr Mo Ni Mn N PREN
0Mo o 23.7 0.70 320 0.044 21.82
Y 19.6 1.18 390 0.274 2392
1Mo o 23.0 1.20 0.73 320 0.047 25.17
Y 19.6 0.80 122 390 0.324 28.06
2Mo o 22.5 240 0.75 330 0.051 28.65
y 1980 1.60 1.25 4.10 0401 33.01
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