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Influence of Solution Treatment Process
on the Properties of Duplex Stainless Steels:
A Comparative Study on Microstructure
and Corrosion Properties of UNS S32205 and UNS
S32760

_IBRAHIM TÜTÜK, MEHMET MOĞOLTAY URAL, GÖKHAN ÖZER,
and ALPTEK_IN KISASÖZ

The study investigated the effect of the solution treatment process on the corrosion behavior and
microstructure of the duplex stainless steel. It was also aimed to reveal this effect comparatively
depending on the chemical composition and alloying element content. For this purpose, UNS
S32205 and UNS S32760 alloys were treated at 1000 �C, 1020 �C and 1040 �C for an hour. A
solution treatment temperature was determined according to Thermo-Calc analysis. The
examined samples were characterized by an optical microscope, scanning electron microscope,
and XRD analysis. Also, electrochemical impedance spectroscopy and potentiodynamic
polarization analyses revealed the corrosion properties of solution-treated samples.
Microstructural studies showed that enhanced solution treatment temperature increased
ferrite content for both alloys. A lower solution treatment temperature caused the formation
of sigma in the microstructure of S32760 alloy. On the other hand, the charge transfer resistance
of the passive layer was reduced after solution treatment at 1000 �C and 1020 �C, indicating
decreasing corrosion resistance. A higher austenite ratio in S32205 led to pitting, while corrosion
resistance improved with higher treatment temperatures. The presence of the sigma phase in
S32760 significantly impacted corrosion properties by increasing ion transfer on the surface,
leading to reduced corrosion resistance. It was determined that solution treatment at 1040 �C
was appropriate for both alloys to achieve the desired microstructure and corrosion properties.
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I. INTRODUCTION

DUE to the double-phase structure, duplex stainless
steels (DSSs) exhibit higher corrosion and mechanical
properties. The microstructure has an equal proportion
of phases in terms of ferrite and austenite.[1–4] The ferrite
provided mechanical strength and pitting resistance,
while the austenite supplied ductility and corrosion
resistance. The alloys are widely used in shipbuilding,
chemical storage, desalination, and petrochemical
industries.[5–8]

DSSs pay attention owing to higher pitting corrosion
resistance. The presence of molybdenum is the main
factor that increases the pitting corrosion resistance of
DSSs. The addition of molybdenum improves the
localized corrosion resistance of the DSSs. This phe-
nomenon can be seen as a combination of various
effects. Mesquita et al.[9] studied the passivation behav-
ior of different stainless steels in alkaline and neutral
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conditions. It was revealed that molybdenum enhanced
the protectiveness of the passive layer via the formation
of the molybdenum-rich oxide.

Moreover, Kaneko and Isaacs[10] emphasized that the
repassivation characteristic of the DSS could be devel-
oped with the molybdenum. Besides, Tobler and Virta-
nen[11] claimed that molybdenum formed MoO2� during
the dissolution of the metal in an aggressive environ-
ment, and MoO2� ions restrain the Cl� adsorption on
the corrosion surface. However, molybdenum increases
the precipitation of the intermetallic sigma between 600
and 1000 �C, and the sigma leads to a reduction in
corrosion resistance and mechanical properties.[12–14]

Generally, sigma forms in the iron-chromium-nickel and
iron-chromium systems, but the presence of molybde-
num enhances the formation kinetics.[15]

Generally, the desired properties and phase fraction
of the DSSs can be obtained by the solution treatment
(ST) process. This process provides proper ferrite and
austenite phase balance with sigma-free microstructure.
Moreover, the ST ensures the dissolution of inclusions
and elimination of macro-segregations, besides obtain-
ing the desired ferrite and austenite proportion. Various
researchers have studied the ST process of the DSSs.
Generally, ST of the DSSs was carried out above
1000 �C to avoid sigma precipitation. Tavares et al.[16]

investigated the microstructure properties of the UNS
S31803 DSS alloy followed by various cooling condi-
tions. It was revealed that ST could obtain sigma-free
microstructure at 1000 �C followed by water quenching.
Hosseini et al.[17] studied UNS S32750 DSS alloy, and it
was emphasized that sigma-free microstructure could be
obtained above 1010 �C. Also, Cojocaru et al.[18] indi-
cated that ST could achieve equal weight fractions of
ferrite and austenite phases at 1050 �C followed by
water quench in UNS S32750 DSS.

On the other hand, the increased ST temperature also
negatively affects the microstructural and corrosion
properties of the DSSs. Li et al.[19] stated that raising
the temperature from 980 to 1350 �C could provide a
nearly fully ferritic microstructure, causing corrosion
behavior to deteriorate. In the meantime, increasing ST
temperature causes a grain coarsening in the ferrite and
austenite phases.[20] Excessive ferrite fraction and grain
coarsening reduce the corrosion and mechanical prop-
erties of the DSSs.[21] As a result, the ST parameters
depend on the chemical composition of the DSSs, and
the properties of the structure can vary depending on the
ST parameters. Thus, proper ST is critical to achieving
the desired microstructural and corrosion properties in
DSSs.

This study investigates on the effect of solution
treatment behaviour and process parameters on the
microstructure and corrosion properties of duplex
stainless steels with two different chemical compositions.
For this purpose, various ST temperature values were
applied to UNS S32205 and UNS S32760 alloys, and the
microstructural and corrosion behavior of the solu-
tion-treated samples were investigated comparatively.
The microstructure of the samples was studied by X-ray
diffraction (XRD), optical microscopy (OM), and

scanning electron microscopy (SEM), while electro-
chemical techniques were studied to determine the
corrosion behavior.

II. MATERIALS AND METHODS

A. Materials

UNS S32205 DSS and UNS S32760 super DSS alloys
were used in the experimental studies. Initial samples
were obtained with 20 mm in height and 20 mm in
diameter. The chemical compositions of the alloys can
be seen in Table S1 (see electronic supplementary
Table S1).

B. Thermo-Calc Analysis

Phase diagrams of the UNS S32205 and UNS S32760
alloys were calculated using Thermo-Calc 2022 soft-
ware. The phase diagrams were modeled based on each
alloy’s chromium, nickel, molybdenum, and nitrogen
content. Also, the precipitation temperature of the
sigma phase was determined via Thermo-Calc
calculations.

C. Solution Treatment

Solution treatment processes were carried out for
both S32205 and S32760 alloys in the experimental
studies. The samples were heated at 6 �C/min. Both
alloys were annealed at 1000 �C, 1020 �C, and 1040 �C
for an hour, followed by quenching.

D. X-ray Diffraction (XRD) Analysis

The analyses were conducted with a 1 deg/min scan
rate at 20–90 deg 2theta range (Rigaku Miniflex 600).
The Joint Committee classified the obtained Powder
Diffraction Standards (JCPDS) data.

E. Microstructure

Solution-treated samples were polished following the
standard grinding process. The electrolytic technique
performed the etching process in 10 pct wt KOH
solution for up to 2 min. Various times were used in
the etching process owing to the variation in the
microstructure of the samples. OM-Nikon Eclipse
MA100 and SEM-Hitachi SU3500 T2 studied the
microstructure. The phase fractions of the analyzed
samples were calculated by image analysis. The EDS
analysis was carried out to reveal the phase
compositions.

F. Corrosion Tests

The corrosion behavior was investigated with Ivium
Compactstat via electrochemical techniques. The testing
sample was a working electrode, the Ag/AgCl solution
was the reference electrode, and the platinum was a
counter electrode. Moreover, the surface area ratio of
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the platinum and testing sample was determined to be 4.
The potentiodynamic polarization (PDP) and electro-
chemical impedance spectroscopy (EIS) techniques were
used to investigate corrosion properties. Before the
experiments, an open circuit potential (OCP) was
studied in a 3.5 pct NaCl solution. The PDP tests were
performed according to ASTM G5-94. Corrosion cur-
rent density (icorr), corrosion potential (Ecorr), and
corrosion rate values were obtained using Tafel curves.
Moreover, the EIS tests were carried out in a 3.5 wt pct
NaCl solution. Before EIS tests, a similar procedure was
applied to samples as PP tests. The EIS tests were
performed at the OCP over a frequency range of 0.1 Hz
to 10 kHz with an AC of 10 mA, and Nyquist and Bode
plots were also obtained.

III. RESULTS AND DISCUSSION

A. Thermo-Calc Models and Solution Treatment Process

The calculated phase diagrams of the UNS S32205
and UNS S32760 alloys are given in Figure S1 (see
electronic supplementary Figure S1). The diagrams
show the iron-chromium binary system for constant
nickel, molybdenum, and nitrogen content. The solidi-
fication of the alloys initially took place by a-ferrite
(BCC) followed by c-austenite (FCC) formation. The
upper-temperature limit of the sigma precipitation was
calculated as 972 �C and 1029 �C for the UNS S32205
and UNS S32760 alloys, respectively. The sigma phase
formation temperature was increased by about 50 �C in
the UNS S32760 alloy, compared to the UNS S32205.
The higher chromium and nickel content of the UNS
S32760 formed a more stable sigma phase and expanded
the temperature range at which the sigma phase precip-
itates. Generally, the studies indicate that the
upper-temperature value of the sigma phase formation
is between 950 and 1000 �C.[22–26] However, some
researchers indicated that increasing the alloying ele-
ment ratio can enhance the upper-temperature limit of
the sigma phase.[17,27] The Thermo-Calc analysis was
compatible with the results revealed by these
researchers.

On the other hand, Figure S1c compares the ST
temperature values of the DSS used in the literature. It
was observed in the literature that the ST process was
applied starting from 980 �C. The ST temperature
increased with the increasing content of the chromium
and molybdenum. The higher ST temperature values
improved the dissolution of precipitates like sigma,
carbides, and nitrides. However, a higher ST tempera-
ture value also led to excessive ferrite formation,
resulting in the embrittlement of the structure.[28–31]

According to Thermo-Calc analysis results and litera-
ture review, the ST process was performed at 1000 �C,
1020 �C and 1040 �C. The lowest ST temperature was
determined to be 1000 �C to investigate the sigma’s
dissolution temperature limit for the UNS S32205 and
UNS S32760 alloys. Moreover, the highest ST temper-
ature was limited to 1040 �C to prevent excessive ferrite
formation.

B. XRD Analysis

XRD analysis of the studied samples is given in
Figure S2 (see electronic supplementary Figure S2). The
UNS S32205 alloy consisted of primary peaks of the
ferrite and austenite phases for all applied ST temper-
atures. No secondary phase existence was detected for
the S32205 alloy after the ST processes. The XRD
analysis results of the solution-treated S32205 results
were compatible with the Thermo-Calc analyses. How-
ever, it was determined that the peak intensity of the
ferrite increased with the enhanced ST temperature
while the peak intensity of the austenite phase decreased.
The phenomenon was related to the excessive ferrite
formation at higher process temperatures.[32] The ferri-
tization effect of the higher temperature values was
observed even with an increase in the ST temperature of
40 �C for S32205 alloy.
On the other hand, XRD analyses revealed different

results for the UNS S32760 alloy. The basic peaks of the
ferrite and austenite were obtained for the UNS S32760
treated at 1040 �C. Additionally, the S32760 samples
consisted of a sigma phase besides the ferrite and
austenite after the ST process was applied at 1000 �C
and 1020 �C, as seen in Figure S2(b). XRD results of the
S32760 alloy were compatible with Thermo-Calc anal-
ysis. It was observed that the sigma phase dissolution
temperature increased for the S32760 alloy owing to
high chromium and molybdenum content. Thus, the
relatively low ST temperature values (1000 �C and
1020 �C) determined to prevent excessive ferrite forma-
tion were insufficient to obtain a sigma-free
microstructure.

C. OM, SEM, and EDS Analysis

Figure S3 depicts the OM micrographs of the solu-
tion-treated samples (see electronic supplementary Fig-
ure S3). OM analyses were compatible with the XRD
analysis results. Ferrite and austenite were seen as grey
and white phases in Figure S3(a) through f, respectively.
Moreover, sigma (dark phase) was observed in the
microstructure of the S32760 annealed at 1000 �C and
1020 �C, as seen in Figure S3(b) and (d). As mentioned
previously in XRD analyses, the existence of the sigma
phase could not be hindered in the ST process applied at
1000 �C and 1020 �C. As a result, the phase was
observed at ferrite/austenite and ferrite/ferrite grain
boundaries.
Phase fractions of the samples are given in Figure S4

(see electronic supplementary Figure S4). Ferrite and
austenite phase fractions of the S32205 alloy were
determined as 48.097±1.792 and 51.903±1.792 pct after
applied ST at 1000 �C, respectively. Moreover, increas-
ing the ST temperature from 1000 to 1040 �C caused a
ferritization effect, and the average ferrite fraction
increased from 48.097 to 55.976 pct. Despite the
increase in the ferrite ratio, the ferrite phase was proper
for the desired ferrite-austenite phase balance for
DSSs.[33] Therefore, applied ST temperature values
provided the desired ferrite/austenite phase balance for
the S32205 alloy. On the other hand, the sigma ratio of
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the S32760 was determined as 18.801±0.935 and
16.374±1.483 pct after the ST process at 1000 �C and
1020 �C, respectively. The sigma phase consisted of
chromium and molybdenum, and the phase’s growth
occurred towards the chromium-rich ferrite phase.
Therefore, lower ferrite ratios were obtained in the
samples where the sigma phase was formed.[34] At
1040 �C, where the sigma phase was dissolved entirely,
ferrite and austenite phase ratios were determined as
48.396±1.793 and 51.604±1.793 pct, respectively. Com-
pared to the behavior ST behavior of S32205 alloy,
enhancing the process temperature from 1000 to 1040
led to a slighter decrease in the austenite phase ratio in
S32760 alloy. The dissolution of the sigma reduced the
ferritization during the ST process.

SEM images and the EDS analyses of the obtained
phases are seen in Figure S5 (see electronic supplemen-
tary Figure S5) and Table S2 (see electronic supplemen-
tary Table S2), respectively. The austenite and ferrite
were observed as white and dark phases, respectively.
Also, the sigma was seen as a brighter phase compared
to ferrite and austenite. It was mentioned in XRD and
OM analyses that the sigma was observed in the
microstructure of S32760 alloy annealed at 1000 �C
and 1020 �C. As seen in Figure S5(b) and (d), the sigma
precipitated preferentially at the ferrite/austenite and
ferrite/ferrite grain boundaries.

Moreover, it was seen that increasing ST temperature
value caused the phase to become more fragmented. The
phenomenon indicated that the sigma phase was dis-
solving during the ST process. Generally, ferrite was
characterized by a higher amount of chromium and
molybdenum, and austenite was defined by a higher
amount of nickel.[35] The ferrite phase was enriched
regarding chromium and molybdenum with increasing
ST temperature. Increasing ST process temperature
increased the solubility of ferrite-stabilizing elements
such as chromium and molybdenum in the ferrite.
However, the amount of sigma decreased as the ST
temperature increased, and chromium and molybdenum
diminished in the sigma phase. The stability of the sigma
was reduced owing to a decrease in chromium and
molybdenum, and the dissolution of the sigma occurred
in the S32760 alloy. In addition, it was observed that the
chromium, nickel, and molybdenum contents of the
phases in S32760 alloy were higher than those of S32205
alloy due to the higher alloying element content of
S32760 alloy.

D. Corrosion

The PDP curves and the PDP test results can be seen
in Figure S6 (see electronic supplementary Figure S6)
and Table S3 (see electronic supplementary Table S3),
respectively. Solution-treated samples possessed similar
polarization characteristics. The Ecorr and icorr values
represented corrosion potential and current density,
respectively. Ecorr indicates a potential value where the
corrosion initiates, and the icorr value represents the
surface’s dissolution rate. The lowest corrosion proper-
ties were obtained in the sigma phase containing S32760
samples, which were annealed at 1000 �C and 1020 �C.

It was determined that these samples showed a lower
resistance to corrosion resistance (a lower Ecorr), and a
higher tendency to dissolution was observed on the
surface during the corrosion (a higher icorr). It was seen
clearly that the sigma phase deteriorated the corrosion
behavior significantly. However, the sigma phase was
dissolved completely at 1040 �C, and the Ecorr value was
increased from � 0.5472 to � 0.0132.
The sigma-free microstructure delayed the dissolution

of the surface. At the same time, the corrosion current
density value, which represents the dissolution rate of
the surface, was reduced from 52.280 9 10�8 A/cm2 to
3.8130 9 10� 8 A/cm2, and the corrosion rate was
significantly decreased. The chromium-depleted zones
were formed around the chromium-rich sigma precipi-
tates. These zones were sensitive to Cl� ions, preferential
regions for corrosion initiation were formed, and pits
were observed. The dissolution within the pits occurred
via Fe2+/3+, Cr3+, Ni2+, and Cl� ions by electro-mi-
gration.[36] Accordingly, a rapid dissolution occurred
through pit formation in the sigma-containing samples.
On the other hand, the corrosion behavior of the

S32205 alloy was improved with increasing ST temper-
ature. No significant difference in Ecorr values was
observed in the S32205 alloy with increasing ST tem-
perature. However, the dissolution rate decreased sig-
nificantly during the corrosion. The icorr value of the
S32205 was decreased from 20.165 9 10�8 to
6.747 9 10�8 A/cm2, while the corrosion rate reduced
from 2.6841 9 10�3 to 0.8785 9 10�3 mm/year. The ST
treatment of S32205 alloy at different temperatures
resulted in a microstructure consisting of ferrite and
austenite phases. As discussed in microstructure analy-
ses, increasing process temperature enhanced the ferrite
ratio to 55.976 pct. The pitting corrosion is dominant in
the corrosion damage formation in a chloride ion-rich
environment.[37] Also, Zhang et al.[38] stated that the
pitting resistance of the DSSs was related to the pitting
resistance of the weaker phase. Therefore, pit formation
was governed by the austenite phase after low-temper-
ature ST treatment. In contrast, the increasing ferrite
phase ratio caused the transfer of the pit formation from
austenite to ferrite. Accordingly, the corrosion proper-
ties of S32205 alloy were improved with increasing ST
temperature and ferrite ratio.
Additionally, a significant pitting potential (Epit)

value was determined for the samples S32205 solution
treated at 1000 �C, and S32760 solution treated at
1000 �C and 1020 �C. The sigma phase caused the
observation of the pitting potential. The Epit was
increased from � 0.120 to � 0.020 V with a decreasing
sigma ratio, indicating the increasing pitting resistance.
Moreover, the higher austenite ratio caused the forma-
tion of Epit for the S32205 solution treated at 1000 �C.
As stated earlier, pit formation was governed by the
weaker phase, and a higher austenite ratio reduced the
pitting resistance resulting from Epit’s observation.
The Nyquist plots, Bode plots, and the equivalent

electrical circuits are given in Figure S7 (see electronic
supplementary Figure S7). Also, the results of the EIS
tests are shown in Table S4 (see electronic supplemen-
tary Table S4). The Nyquist plots had a randel-like
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feature (Figure S7(a)). Also, S32205 and S32760 alloys
treated at 1040 �C exhibited a nearly linear character-
istic. The Nyquist plots were compatible with the PDP
tests. Lower impedance values were obtained in the
samples S32205 treated at 1000 �C and S32760 treated
at 1000 �C and 1020 �C. The decrease in impedance
values indicated the pitting corrosion. On the other
hand, the high phase angles at low frequencies in Bode
phase plots (Figure S7(b)) indicated the passivated
surface of the S32205 and S32750 alloys treated at
1040 �C.[39] The chromium oxide protective layer
observed maximum peak angles in the medium fre-
quency range.[40]

The equivalent electrical circuits used to fit the
impedance data for the samples that did not exhibit
Epit and exhibited Epit are given in Figure S7(c) and (d),
respectively. Also, Rsolution, Rpass, RRi, Rpit, CPEpass,

and CPEpit represented the solution resistance, charge
resistance of the passive layer, pit-solution resistance,
charge resistance of the pit, capacitance of the passi-
vated layer, and capacitance of the pit, respectively. Q is
determined as the constant phase element because the
measured capacitance is often not ideal.[41] The EIS tests
were performed in a 3.5 pct NaCl solution for all
samples, and accordingly, the R solution was deter-
mined to have similar values. The Rpass values of the
sigma-free samples were higher than the Rsolution,
indicating the protectiveness of the passive layer in
3.5 pct NaCl solution. It was seen that the Rpit and
capacitance value of S32760 alloy increased by enhanc-
ing the ST temperature from 1000 to 1020 �C. It was
determined that sigma phase formation decreased with
increasing process temperature, and corrosion proper-
ties were improved. Accordingly, the formation of pits
was reduced, and the dissolution kinetics were slowed
down. Thus, Rpit increased due to decreased ion transfer
from the surface to the solution. However, the increased
capacitance value indicated a protective layer with less
defect content and better corrosion properties. In the
S32205 alloy, it was seen that Rpass and capacitance
values increased with increasing process temperature,
indicating an improvement in corrosion properties. A
comparison of S32760 and S32205 alloys determined
that the Rpit and capacitance values of S32760 alloy
were higher than S32205. A higher alloying element
content of S32760 alloy, especially molybdenum con-
tent, resulted in better corrosion properties. In addition,
the ST process applied at 1040 �C possessed the best
corrosion properties for both alloys.

IV. CONCLUSION

The effect of solution treatment on the microstructure
and corrosion behavior of the DSSs were comparatively
studied in terms of S32205 and S32760 alloys. The
results were summarized as follows:

The microstructure consisted of austenite and ferrite
after the solution treatment process of S32205. It was
determined that the ferrite ratio increased, and the
austenite ratio decreased with enhanced process tem-
perature. In the S32760 alloy, it was observed that the

sigma phase precipitated, besides the ferrite and austen-
ite phases, after the processes were applied at 1000 �C
and 1020 �C. It was determined that the sigma was
dissolved entirely, and the microstructure consisted of
ferrite and austenite after the process applied at
1040 �C.
It was observed that the higher austenite ratio caused

pitting formation in S32205 alloy, and corrosion prop-
erties improved with increasing solution treatment
temperature. On the other hand, the presence of the
sigma phase significantly affected the corrosion proper-
ties of S32760 alloy, and the sigma increased ion transfer
on the surface, resulting in a drastic decrease in
corrosion resistance.
It was concluded that it was appropriate to perform

the solution treatment at 1040 �C to obtain the desired
microstructure and corrosion properties in S32205 and
S32760 alloys.

CONFLICT OF INTEREST

The authors declare the following financial interests/
personal relationships which may be considered as
potential competing interests. The authors declare that
they have no known competing financial interests or
personal relationships that could have appeared to
influence the work reported in this paper.

FUNDING

Open access funding provided by the Scientific and
Technological Research Council of Türkiye
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