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The effect of solution temperature on the microstructure of 5A super duplex stainless steel (SDSS) was
investigated by scanning electron microscopy (SEM), energy-dispersive spectrometry (EDS), and trans-
mission electron microscope (TEM). The corrosion resistance of the samples after solution heat treatment is
analyzed by chemical immersion and electrochemical test. The experimental results show that with an
increasing solution temperature, the ratio of a/c phase is close to 1:1 at 1080 �C, demonstrating the best
anti-corrosion and mechanical properties. When the temperature of solid solution is 950 �C, the content of
r phase is higher than the other samples, which seriously affects the mechanical properties and corrosion
resistance. According to the TEM results, it is found that there is a coherent relationship between the r and
a phases, which proves that the eutectoid reaction of the a phase leads to the formation of r phase.
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1. Introduction

In the super duplex stainless steel (SDSS), the amount of the
ferrite (a) and austenite (c) is similar, thereby the SDSS can
possess the advantages of the strength of ferrite stainless steel
and the toughness of austenite stainless steel (Ref 1). Due to the
excellent weldability and corrosion resistance (with a pitting
resistance equivalent of over 40) of the SDSS, it plays a vital
role in marine construction, oil, gas, and the chemical industries
(Ref 2, 3). Nowadays, 5A SDSS with highly alloying elements
has been developed and employed in high-chlorine environ-
ments such as deep-sea industry (Ref 4-6).

With the increase in solution treatment temperature, the
content of ferrite increases, while the content of austenite
decreases. When the two-phase ratio is close to 1:1, the
mechanical properties and corrosion resistance of 5A SDSS can
be enhanced (Ref 7-9). The kinds and amount of the alloying
elements, as well as the solution treatment temperature, are the
main factors, which will affect the two-phase ratio (Ref 10).
The improper heat treatment process will cause the formation of
harmful phases such as the intermetallic compounds precipi-

tated along grain boundaries, which will reduce the corrosion
resistance and mechanical properties of materials (Ref 11-13).

The morphologies of the sigma (r) phase were researched
(Ref 14), and it was found that when heat treatment temperature
was 920 �C, the r showed lacy microstructure, while it showed
block-shape after treated at 980 �C. Liu et al. (Ref 15)
combined the electrochemical with impacting toughness and
verified that the Cr-rich carbides decrease the impact toughness.
In addition, Falodun et al. (Ref 16) found that the hot-rolled
sample had higher mechanical properties and wear resistance
than the solid solution sample. Solution treatment changes the
distribution of the alloying elements and the ratio of the two
phases, so that the two phases produce a chemical gradient to
form a galvanic cell (Ref 17). Luo et al. (Ref 18) have found
that pits initiation sites occur in the c phase near the c/a
boundaries or at the inclusions. And it has been demonstrated
that the non-diffusible phase change occurred during cold
processing is also one of the reasons for the decreasing
corrosion resistance of materials (Ref 19). Furthermore, Luca
Pezzato (Ref 20) have reported that the nitride precipitated at
grain boundaries would also affect the corrosion resistance and
reduce the toughness of the duplex stainless steel (DSS).

The melting process of 5A SDSS is complex. The scholars
have paid a lot of attention on the microstructure and precipitate
of DSS, while there are just a few works reported about its
mechanical properties. In this case, we used a relatively mature
internal controlled composition and smelting process to meet
the requirements of ASME-SA995 standards. What�s more, the
content of P and S in samples is lower than the standards, so the
mechanical properties of samples are better. To face the
industrial need, it is necessary to optimize the microstructure of
the material, which requires proper heat treatment, thereby
improving the performance. This study aimed to evaluate the
microstructure changes of as-cast 5A SDSS after solution
treatment and investigate the effect of solution treatment
temperature on its mechanical properties and corrosion resis-
tance.

Chenlu Liu, Aiqin Wang, and Jingpei Xie, College of Materials
Science and Engineering, Henan University of Science and
Technology, Luoyang 471023, People�s Republic of China; and
Provincial and Ministerial Co-Construction of Collaborative
Innovation Center for Non-Ferrous Metal New Materials and
Advanced Processing Technology, Luoyang 471023, People�s
Republic of China; Hang Wang, Luoyang CITIC HIC Casting &
Forging Co., Ltd, Luoyang 471023, People�s Republic of China.
Contact e-mail: aiqin_wang888@163.com.

JMEPEG (2023) 32:6622–6629 �ASM International
https://doi.org/10.1007/s11665-022-07576-9 1059-9495/$19.00

6622—Volume 32(15) August 2023 Journal of Materials Engineering and Performance

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-022-07576-9&amp;domain=pdf


2. Experimental Procedure

2.1 Experimental Materials and Methods

The chemical composition (in mass %) of 5A SDSS was
0.03 C, 25.32 Cr, 6.7 Ni, 4.15 Mo, 0.26 N, 0.015 Si, 0.032 P
and the balance Fe. The sample was smelted in a medium
frequency induction furnace, molded with alkali-phenolic resin
sand, and deoxidized with compound deoxidize. Kiel test block
was used as a casting test block. Solid solution treatment was
carried out in the XWL-13-5Y high-temperature box resistance
furnace. Firstly, the samples were heated up to 790 �C and hold
for 2 h, and then heat treated at 1130 �C for 2 h. Subsequently,
the samples were cooled to 950, 1000, 1040, 1060, 1080, and
1100 �C and hold for 2 h, respectively. At last, the samples
were quenched with water to room temperature.

2.2 Performance Measurements and Microstructure
Characterization

X-ray diffraction (XRD) patterns were collected using an
ADVANCE D8 diffractometer equipped operating with Cu Ka
radiation with a step speed of 1� s�1. JB-W300 semi-automatic
pendulum impact testing machine was used to test the impact
performance. The size of the Charpy V-notch impact samples
was 10 9 10 9 55 mm3 and they were tested at �46 �C. The
tensile properties at room temperature were detected on a
Shimadzuag-1250kN precision universal tester. The size of the
tensile samples is shown in Fig. 1. The impact and tensile
results were average values of three samples for each tested
condition.

Immersion and electrochemical tests were used to investi-
gate the material�s corrosion resistance. Following the GB/T
17897-1999, a chemical immersion pitting test was performed
in 0.16 wt.% HCl + 6 wt.% FeCl3 solutions at 50± 1 �C for
24 h. The surface area and weight of the samples were
measured before testing. After the test, each sample was rinsed
with alcohol and cleaned with an ultrasonic cleaner. It was then
dried in a drying oven and weighed. CHI1660 electrochemical
workstation with a three electrodes system was employed to
carry out electrochemical tests at room temperature. The
surface area of sample was about 1 cm2, which was used as
the working electrode. The saturated calomel electrode (SCE)
was regarded as the reference electrode, and the graphite
electrode was served as the counter electrodes. The samples
with a size of 10 9 10 9 5 mm3 were prepared and sealed by
phenolic epoxy resin. The exposed area was sanded with SiC
papers up to a grit of 800 mesh and then mechanically polished
using diamond pastes (2.5 lm). The same polishing and
cleaning procedures were carried out for all samples. The
electrochemical tests were operated in 3.5 wt.% NaCl solution.
Before the test, the samples were immersed in the solution for
40 min to achieve a stable open circuit potential (OCP). The

polarization curves were measured at a scan rate of
0.33 mVÆs�1, and the scanning voltage ranged from �0.5 V-
+ 1.25 V. Corrosion morphologies were observed on a JSW-
5610 scanning electron microscope (SEM).

The samples were ground, polished, and then etched by
etchant (1 g K2S2O5 + 20 mL HCl + 100 mL H2O). The phase
fractions were analyzed using an image analyzer (Image-Pro
Plus 6.0). Ten pictures were selected to calculate the two-phase
ratio for all samples. SEM was used to observe the impact
fracture morphologies of the samples. The microstructures of
the samples were observed and analyzed using a transmission
electron microscope (TEM) of JEM-2100. The thin foils were
prepared by twin-jet electropolishing in a chemical solution of
10% (volume fraction) perchloric acid and 90% (volume
fraction) glacial acetic acid at �20 �C and 50 V.

3. Result

3.1 Microstructure of 5A Duplex Stainless Steel

Figure 2 shows the structure of samples treated at different
solution temperatures. As can be seen from Fig. 2, the eutectoid
reaction, a fi c2 + r, occurs during solution heat treatment at
950 �C, and the blocky r phase precipitated between the a and
c phase. When the solid solution temperature reaches 1000 �C,
just a little r phase can be observed in the phase boundaries. As
the solid solution temperature exceeds 1000 �C, the microstruc-
ture of the two phases changes. With the increase in temper-
ature, the area of the ferrite rises, and new austenite is
precipitated at the ferrite matrix.

Figure 3 exhibits the morphologies of the r phase analyzed
by BSE and TEM. The brightest phase in Fig. 3(a) is the
precipitated r phase at the boundary between the light gray c
phase and the dark gray a phase. Figure 3(c) and (d) shows the
diffraction patterns of different phases in Fig. 3(b), which are c,
a, and r phases, respectively. It can be seen from Fig. 3(b) that
the r phase precipitated from the matrix and grew up along
with the formation of sub-grain boundaries. It was found that
(211) F is parallel to (201) r, and [01-1] F is parallel to [1-12]
r. According to calculation results, the lattice misfit between
the a and r is 4.37%, indicating that the phase boundary of a
and r is parallel and coherent. Therefore, it is proved that r
phase is formed by the eutectoid decomposition of a phase. The
precipitate changes the element distribution of the matrix,
which significantly affects the properties of samples. Table 1
shows the chemical composition (in mass%) of different phases
in the samples treated at 950 �C. The element contents of Cr
and Mo in the a phase are higher than those in the c phase,
while the content of Ni is lower than the c phase.

Figure 4 shows XRD patterns of samples treated at various
solution temperatures. It can be seen from Fig. 4 that there is a
low r phase diffraction peak when the sample is solution
treated at 950 �C. The ratio of the two phases is generally seen
as a significant factor for the mechanical properties (Ref 21).
According to the measurement of image J software, the content
of the r phase reaches 28.68% in the sample solution treated at
950 �C. As shown in Fig. 4, the ratio of the two phases has
gradually increased with the increasing temperature, and it even
reaches approximately 1:1 when the solid solution temperature
exceeds 1060 �C. The overall reactions for the ferrite can be
considered as follows: One is the eutectoid decomposition, and

Fig. 1 Dimensions of tensile specimen in the test
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Fig. 2 The SEM image of the microstructure of the 5A SDSS solution treated at different temperatures (a) 950 �C; (b) 1000 �C; (c) 1040 �C;
(d) 1060 �C; (e) 1080 �C; (f) 1100 �C

Fig. 3 (a) BSE image of specimen solution treated at 950 �C and Transmission electron microscopy (TEM) micrograph of duplex stainless
steel; (b) morphology of precipitates; (c) diffraction pattern of the c2 phase; (d) diffraction pattern of a + r phase
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another is the two-phase transformation. When solution treat-
ment temperature is above 1000 �C, the ferrite content changes
only relate to the phase transition of c and a. c converts to a as
the temperature rises. Meanwhile, when the temperature is
above 1060 �C, the transition amount is limited as the reported
work (Ref 22).

3.2 The Mechanical Properties of 5A Duplex Stainless Steel

The mechanical properties of 5A SDSS solution treated at
different temperatures are shown in Fig. 5. As can be seen from

Fig. 5, the mechanical properties of sample solution treated at
950 �C are low, as the precipitation of the r phase has a
damaging effect on the toughness. The elongation and per-
centage reduction in area are within 10 J and 5%, which cannot
meet the need of technical requirement. Besides, the strength
and impact toughness of the 5A SDSS are also influenced by
the precipitation of r phase. And the average impact energy of
the sample at �46 �C is only 17.7 J. There is no doubt that the
terrible properties are related to the distribution and proportion
of intermetallic precipitates. The r phase is brittle and can be
easily fractured when impact occurs (Ref 23). And the r phase
belongs to intermetallic phase and presents a tetragonal
structure with higher hardness. It is harmful to the stability of
the matrix and leads to the crack propagation easily. When the
sample is solution treated at 1000 �C, there still exists r phase,
resulting in the yield strength lower than 500 MPa, which also
cannot meet the practical requirements. The tensile strength is
basically consistent with the changes in the impact perfor-
mance.

Table 1 Chemical compositions of various
microstructures in the tested steel solution at 950 �C,
wt.%

Cr Ni Mo Si Fe

r 30.34 4.53 8.18 0.75 56.20
a 25.84 4.85 4.28 0.62 64.41
c 22.40 7.40 3.60 0.55 66.15

Fig. 4 (a) the relationship between solution treatment temperature and phase ratio a/c, (b) XRD pattern

Fig. 5 Mechanical properties of 5A SDSS vary with different solution temperatures
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3.3 Fracture Morphology Analysis

The fracture morphologies of the samples solution treated at
different temperatures are presented in Fig. 6. The results show
that the fracture behavior is changed from the manner of
intergranular brittle fracture to ductile fracture with many
dimples. When the temperature of solution treatment is 950 �C,
the fracture mechanism is an intergranular fracture with clear
cracks along the phase boundaries. As can be seen from
Fig. 6(a), the shedding of r phase causes the production of
cracks, and the cracks are grown along the precipitate. After
being solution treated at 1040 �C, the fracture surface of the
smaple is mainly composed of tear ridges, dimples and
inclusions. As shown in Fig. 6(b), the inclusions are the
sources of dimples. When the sample is solution treated at
1080 �C, the fracture mechanism belongs to ductile fracture.
Compared with the sample solution treated at 1040 �C, the

sample treated at 1080 �C has larger dimples, less tearing
edges, and less inclusions.

3.4 Effect of Solution Temperature on Pitting Corrosion

3.4.1 Chemical Immersion Test. Figure 7 shows the
effect of solution temperature on the corrosion rate of the 5A
SDSS. As shown in Fig. 7, with the increasing temperature of
the solution treatment, the corrosion rate of 5A SDSS firstly
decreases and then increases. When the sample is solution
treated at 950 �C, the corrosion rate reaches the maximum,
7.7 g/(m2Æh). When the solid solution temperature ranges from
1000-1080 �C, the corrosion rate declines to around 1 g/(m2Æh)
and achieves the lowest value of 0.6 g/(m2Æh) at 1080 �C.
When the sample is solution treated at 1100 �C, the corrosion
rate increases due to the presence of nitrides.

Fig. 6 SEM micrographs showing morphology of the impact fracture for the 5A SDSS solution treated at different temperatures (a) 950 �C; (b)
1040 �C; (c) 1080 �C

Fig. 7 Effect of solution temperature on the corrosion rate of 5A SDSS
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3.4.2 Polarization Behavior. Figure 8(a) shows the
polarization curves of the samples solution treated at different
temperatures. The cathodic polarization of them are shows the
same trend, similar anodic polarization behavior, and wide
passivation area, indicating good corrosion resistance. Fig-
ure 8(b) shows the self-corrosion potential (Ecorr), pitting
potential (Epit), passivation region, and passivation current
density (Ipass). Epit is defined as the potential, at which the
current density sharply increases (Ref 24). Due to the existence
of the passivation region, Ipass is used to evaluate the corrosion
resistance (Ref 25). As the temperatures of solution treatment
increased, the passivation region of the samples becomes large,
and the fluctuation of the curve decreases, indicating that the
pitting susceptibility of the material is reduced. When the
sample is solution treated at 950 �C, the passivation region is
the lowest, and the Ipass is higher than other samples.

Meanwhile, the Ipass of the sample solution treated at 1080
�C is the lowest, indicating that its passivation film has the best
stability. There are two passivation zones between the self-
corrosion and the pitting potential of the samples solution
treated at 1060 and 1080 �C, respectively, representing the
dissolution of different phases (Ref 26).

3.4.3 Pitting Morphology. Figure 9 shows the surface
morphologies of solution samples treated at different temper-
atures after the electrochemical test. It can be seen from
Fig. 9(a) that when the solid solution temperature is 950 �C,
some corrosion gullies appear around the r phase. It is because
that the r phase has a higher potential than the matrix, resulting
in the dissolution of the matrix. When the sample is solution
treated at 1000 �C, the corrosion-sensitive inclusions may
cause the corrosion pits generated at the boundaries between
the a and c phases. The pits inside the ferrite are related to the

Fig. 8 Potentiodynamic polarization curves of 5A SDSS in 3.5% NaCl solution after treatment at different temperatures

Fig. 9 The SEM image of the pitting morphology of 5A SDSS solution treated at different temperatures (a) 950 �C; (b) 1000 �C; (c) 1040 �C;
(d) 1060 �C; (e) 1080 �C; (f) 1100 �C
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nitrides present (Ref 27). With the increase in solution
temperature from 1040-1100 �C, the pitting mainly occurs in
the a phase, the size of pits decreases, and the number of pits
increases.

4. Discussion

The effect of solution temperature on the microstructure is
mainly reflected in the change of the c and a phases ratio.
Besides, it also affects the distribution of elements, as well as
the precipitation and dissolution of the intermetallic compounds
(Ref 28, 29). When the sample is solution treated at 950 �C, the
eutectoid reaction occurs, a phase is decomposed to form r and
c2 phases. The eutectoid reaction can be proved by the interface
relationship between the a and r phase. The r phase
precipitates along the two-phase boundaries, redistributing
alloying elements (Table 1). When the material suffers an
impact, microcracks first take place in the r phase, continue to
extend, and eventually cause the fracture. The r phase changes
the propagating direction of the cracks and results in the
fractured way changing from transgranular rupture to inter-
granular fracture. Impact toughness can reflect the resistance of
the samples to deformation and fracture. At the solution
temperature of 1000 �C, a small amount of r phase in the
SDSS reduces its yield strength, but it still has high tensile
strength and impact toughness. In this case, the content of the r
phase is low, and the a and c phases are the main phases to
undergo the stress. Thereby, it shows excellent plasticity,
including the high tensile strength and elongation of materials.
With the rising solution temperature, the content of ferrite
increases, while metastable austenite precipitation decreases.
When the solid solution temperature exceeds 1000 �C, the
plastic toughness of the material decreases with the increasing
amount of ferrite. Guo et al. (Ref 30) have reported that the
strength of the material is related to the content of the
metastable austenite in the material. Lacerda et al. (Ref 27)
found that nitrides within ferrite did not change the tensile
fracture mechanism. According to the research (Ref 31), the
unevenly distributed inclusions make the stress concentrated,
which is harmful to the impact property of the material. When
the sample is solution treated at 1080 �C, the microstructure
distribution of the two phases is uniform, and the precipitate is
relatively small and uniform. Figure 5 shows that the sample
solution treated at 1080 �C owns good mechanical properties.

Pitting corrosion is one of the most harmful corrosion forms
of DSS. It is the initial site of corrosion crack, which will cause
substantial economic losses. At present, the chemical immer-
sion method and the potentiodynamic polarization test are used
to evaluate the pitting corrosion. The Ecorr represents the
corrosion resistance tendency of the material, and the Ipass
represents the actual corrosion rate of the material when
passivation occurs. As seen from Fig. 8, all samples have large
passivation areas, reflecting passivation film corrosion and the
‘‘rehealing’’ phenomenon. When the solid solution temperature
increases from 1040-1100 �C, the passive region increases, and
the instability of the passivation film increases, indicating that
the content of the ferritic is increased during the solution
treatment (Ref 26). Combined with the immersion and
electrochemical tests, the sample treated at 1080 �C exhibits
good corrosion resistance. Sample solutions treated at 950 and
1000 �C have a higher Ipass, indicating a higher corrosion rate.

It is because that galvanic corrosion occurs between the r phase
with high alloy content and the surrounding matrix, which
increases the corrosion rate. Especially, the sample solution
treated at 950 �C has a high corrosion rate and a narrow
passivation region, reflecting poor corrosion resistance. The r
phase is the Cr- and Mo- rich phase formed by the eutectoid
decomposition of ferrite, increasing the sample’s passive
current (Ref 24). The precipitation of the r phase results in
low content of the alloying element in the matrix, affecting the
material’s corrosion resistance (Ref 12, 32). When the matrix of
the r phase dissolves, part of the r phase may fall off, which is
also one reason of the high corrosion rate in the sample solution
treated at 950 �C. However, when the solid solution temper-
ature is 1040-1100 �C, the two-phase ratio, corrosion rate, and
passivation region are similar. Moreover, the distribution and
size of the corrosion pits are similar as the inclusions in the
impact fracture. It could be assumed that the precipitate is
nitride (Ref 27). Kang et al. (Ref 21) found that ferrite became
the prime site for pit nucleation by destroying the passivation
film around the precipitation. However, Zhu et al. (Ref 9) found
that pits mainly exist in austenite. The different locations of pits
are related to the organization of the material. With the rapid
cooling at high temperatures, numerous Cr2N phase precipitates
in ferrite grains due to the combination of supersaturated N and
Cr (Ref 33). Therefore, homogenous pits mainly occurred in
ferrite grains.

5. Conclusion

The microstructure and properties of 5A SDSS solution
treated at different temperatures have been investigated in this
work. The results can be summarized as follows:

1. When the solid solution temperature is 950 �C, it is
found that (211) F is parallel to (201) r and [01-1] F is
parallel to [1-12] r. In addition, there is a coherent inter-
face between the a and r phases with a lattice mismatch
ratio of 4.3%, indicating that the ferrite decomposes to
form the r phase.

2. When the solution temperature is as low as 950 �C, the
content of r phase is higher than the other samples. The
r phase is brittle particles, which are regarded as the
source of initial cracks, reducing the mechanical property.
Besides, the precipitation of the r phase makes Cr-de-
pleted areas appear in the matrix, increasing the corrosion
rate of the sample, thereby decreasing its corrosion resis-
tance properties.

3. When the temperature of solution treated is increased
from 1040-1100 �C, samples have similar two-phase ra-
tio, corrosion rate and passivation region. Especially, the
sample solution treated at 1080 �C has the best mechani-
cal and pitting corrosion resistance.
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