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Abstract: The effect of microstructure and passive film on the corrosion resistance of 2507 super duplex stainless steel (SDSS) in simulated
marine environment was investigated by electrochemical measurements, periodic wet—dry cyclic corrosion test, scanning Kelvin probe force
microscopy, atomic force microscopy, and X-ray photoelectron spectrometry. The results show that the occupation ratio of y phase increases
with the decrease in cooling rate, whereas the content of o phase reduces gradually. In addition, the o precipitated phase only emerges in the an-
nealed steel. The pitting sensitivity and corrosion rate of 2507 SDSS reduce first and then increase as the cooling rate decreases. The o precipit-
ated phase drastically reduces the protective ability of the passive film and facilitates micro-galvanic corrosion of the annealed steel. For vari-
ous microstructures, the pits are preferentially distributed within the ¢ and y phases. The corrosion resistance of 2507 SDSS prepared by differ-
ent cooling methods is closely related to the microstructure and structure (stability and homogeneity) of the passive film. Normalized steel

shows an optimal corrosion resistance, followed by the quenched and annealed steels.
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1. Introduction

Metal corrosion must be encountered in the development
of marine resources [1-4]. In general, the marine environ-
ment can be divided into five corrosion zones, such as ocean
atmosphere, spray splash, tidal range, seawater immersion,
and submarine soil zones. The spray splash area is typically
the most corrosive area in marine environment, and this con-
dition is ascribed to its characteristic wet—dry cyclic environ-
ment. On this account, the vulnerability to pitting corrosion
of stainless steel used in this environment may be improved.

In recent years, increasing numbers of researchers have
paid more attention to the corrosion behavior of metal mater-
ials in simulated wet—dry cyclic marine environments [5—11].
Thus far, the majority of studies on the corrosion of steel in
marine environment are mainly focused on the different types
of steel but less on the effect of microstructure on corrosion
resistance [12—13]. Hao ef al. [14] studied the stress corro-
sion cracking (SCC) mechanism of E690 high-strength steel
under a simulated wet—dry cyclic marine environment and
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confirmed the high susceptibility of SCC in this environment.
Yu et al. [15] investigated the corrosion behavior of X65
pipeline steel under periodic wet—dry cyclic and full immer-
sion and observed pitting corrosion under a periodic wet—dry
cyclic environment, whereas general corrosion occurred un-
der full immersion area. The steel welded structure is ubi-
quitously applied in marine engineering. Corrosion occurs in
such locations and is mainly derived from the complex mi-
crostructures of the welded joint area, such as nonhomogen-
eous microstructure, and different grain sizes. Similarly, the
welded joints of stainless steel are susceptible to corrosion in
marine environments. Unfortunately, no relevant literature
reported the corrosion behavior of welded joints with differ-
ent microstructures in wet—dry cyclic marine environments.
The 2507 super duplex stainless steel (SDSS), which is
composed of austenite and ferrite phases, possesses a com-
bination of outstanding properties, such as good mechanical
properties, high temperature resistance, and high resistance to
chloride stress corrosion cracking [16—18]. In the long run,
SDSS will be increasingly applied in marine engineering and
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offshore platforms owing to its beneficial properties [19-22].
Thereby, 2507 SDSS may suffer from wet—dry cyclic envir-
onment in the future service. Particularly, the environment
may facilitate the corrosion of welded joints, causing
heightened concerns about the use of stainless steel in mar-
ine environments. Lin ef al. [23] studied the pitting corrosion
behavior of SS304 stainless-steel welded joints in wet—dry
cyclic environment and indicated that pitting nucleation and
growth are promoted by the cycle. To date, limited research
has been conducted on the corrosion behavior of simulated
welded joints of 2507 SDSS in a wet—dry cyclic marine en-
vironment. Thus, the corrosion property of 2507 SDSS with
different microstructures under periodic wet—dry cyclic mar-
ine environment must be investigated.

In this paper, the corrosion mechanisms of 2507 SDSS
with various microstructures will be clarified from micro-
galvanic corrosion caused by Volta potential differences to-
gether with the composition and structures of passive films.
For these investigations, we focus on exhibiting the corro-
sion behavior of 2507 SDSS prepared by different cooling
methods in a marine environment by employing several elec-
trochemical measurements, periodic wet—dry cyclic corro-
sion test, atomic force microscopy (AFM), scanning Kelvin
probe force microscopy (SKPFM), and X-ray photoelectron
spectroscopy (XPS).

2. Experimental
2.1. Sample preparation and solution

The material studied in this paper was based on commer-
cial SAF2507 SDSS (UNS S32750) with the following
chemical composition (wt%): C 0.022, Si 0.55, Mn 0.69, Cr
25.15, Mo 3.43, Ni 6.74, P 0.029, Cu 0.13, S 0.002, N 0.27,
and Fe balance. The heat treatment process was performed as
follows. The samples were subjected to heating at 1060°C for
40 min, followed by water cooling, air cooling, or furnace
cooling and named quenched, normalized, or annealed steels,
respectively. The specimens obtained from heat treatment
were used to simulate the microstructures within the welded
joint area. The samples used in the electrochemical measure-
ment and weight-loss test were sealed with epoxy resin, leav-
ing a surface with 15 mm x 15 mm dimensions. All the
samples were sequentially grinded to 2000 grit by SiC paper,
cleaned with deionizer water and alcohol, and dried in air.

Afterward, the sample was chemically etched in 80 mL
deionizer water + 20 mL hydrochloric acid + 0.3 g sodium
metosulfite solution for 10 s. The microstructures were char-
acterized by scanning electron microscopy (SEM, JEOL, and
JSM-5610LV) and stereomicroscopy, and the proportions of
different phases were calculated. The chemical composition
of each phase was analyzed by mean of energy dispersive
spectroscopy (EDS) equipped in a SEM system. Each EDS
value was the average obtained for multiple data sets. The

tests below were performed at least thrice.
2.2. Periodic wet—dry cyclic test

Periodic wet—dry cyclic test was performed in 3.5wt%
NaCl solution at 30°C. The main experimental parameters
were as follows. Each wet—dry cycle lasted for 1 h and in-
cluded soaking and drying times of 15 and 45 min, respect-
ively. The solution used in the test was changed at least once
a day. During the experiment, several samples were taken out
for electrochemical testing after the cycle test of 6 h. The re-
maining samples were taken out for weight-loss measure-
ment after 10 d. After removing the corrosion products by
10vol% nitric acid solution (10 mL HNO; and 90 mL dis-
tilled water), the corrosion rate was calculated, and the corro-
sion morphology and pit initiation sites were observed by
SEM.

2.3. Electrochemical tests

The electrochemical test was performed via CHI660 elec-
trochemical workstation by using the traditional three-elec-
trode system. The sample embedded in epoxy resin was se-
lected as the working electrode, the platinum plate as counter
electrode, and a saturated calomel electrode (SCE) as refer-
ence electrode. The electrolyte was 3.5wt% NaCl solution at
30°C to simulate the marine environment.

Electrochemical tests of the samples taken out in the peri-
odic wet—dry cyclic chamber were performed as follows.
First, the electrochemical impedance spectroscopy (EIS) test
was conducted after testing the open-circuit potential (OCP)
for 30 min. The test frequency ranged from 100 kHz to
10 mHz with an applied 10 mV signal amplitude. The imped-
ance spectrum data were analyzed by ZSimpWin software.
Subsequently, the polarization curve within a potential range
of —1.2 V vs. SCE to 1.2 V vs. SCE was recorded at a scan-
ning rate of 0.5 mV/s.

2.4. Electrochemical measurement of passive film after
alternating current (AC) interference

AC interference is frequently detected in offshore marine
engineering and seashore areas near super-high voltage
transmission lines, which may promote the corrosion of 2507
SDSS employed in this region [24-26]. Hence, in this work,
the corrosion resistance of passive film corresponding to
various microstructures was evaluated by applying an AC
current.

All the samples were successively grinded, polished, and
cleaned to investigate the difference in corrosion susceptibil-
ity of the passive films formed by different microstructures.
Then, the specimens were immersed continuously in 3.5wt%
NaCl solutions at 30°C for 84 h. Afterward, the samples
covered with passive film were subjected to the interference
by AC current density of 50 A-m* for 4 min. Subsequently,
EIS and Mott—Schottky tests were conducted after achieving
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an approximately steady-state in the OCP test.

The parameters of EIS test are in accord with the above
setting. The Mott—Schottky curve was recorded within a
scanning potential range of —1 V vs. SCE to 0.9 V vs. SCE
with 50 mV/steps at a frequency of 1 kHz.

2.5. In situ AFM measurement

The surface topography of passive film formed on differ-
ent samples under AC interference was examined by an
atomic force microscope (PSLA XE-100E AFM) using the
non-contact mode. Prior to the experiment, all the samples
were polished with 0.1 pum diamond powder immersed in
3.5wt% NaCl solutions for 84 h and interfered by superim-
posed AC for 4 min.

2.6. Magnetic microscopy (MFM) and SKPFM measure-
ment

MFM and SKPFM tests based on AFM were performed
on a dimension Nanoscope V (BRUKER Multimode 8) with
multiple optional multimode SPM scan. The Nanoprobe™-
coated magnetic Co/Cr on the front side and reflective Co/Cr
on the back side were used as probes in MFM and SKPFM
measurements, respectively. The probe material used was
0.01-0.025 Q-cm antimony (n)-doped Si MESP model with
a force constant of 1-5 N-m™' and a resonant frequency of
60—-100 kHz. Additionally, all tests were carried out at a con-
stant temperature of 25°C. Regardless of MFM or SKPFM
measurements, the surface morphologies of different samples
were obtained in the first scan with the tapping mode at a
scan rate of 0.996 Hz. In the second scan, the cantilever was
lifted up to 100 nm to prevent the effect of topographic fea-
tures.
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2.7. Analysis of passive film composition

The chemical composition of the passive films formed on
2507 SDSS with various microstructures was investigated by
the XPS. Prior to XPS measurement, the specimens with dif-
ferent microstructures were immersed continuously in
3.5wt% NaCl solution at 30°C for 84 h. Then, the samples
covered with stable passive film was transferred to the XPS
equipment after cleaning with deionizer water and dried in
air. XPS analyses were performed using a monochromatic X-
ray Al Ka source (Thermo Fisher Scientific, USA). The com-
mercial software Xpspeak version 4.1 with a Shirley back-
ground subtraction was performed to fit the XPS data. The
standard C 1s peak (284.8 e¢V) was used as the calibration
peak.

3. Results and discussion
3.1. Microstructure and chemical composition

Fig. 1 shows the microstructures of 2507 SDSS prepared
by different cooling methods. The normalized and quenched
steels are composed of ferrite (o) and austenite phase (y)
without white ¢ precipitated phase, respectively (Fig. 1).
Several o phases are embedded in the y phase. However, the
annealed steel contains not only a and y phases but also nu-
merous o precipitated phases. The ¢ phase with irregular rod-
shaped and granular structures are mainly distributed in the vy,
o, and the boundaries of the two phases. With the drop in
cooling rate, the volume fraction of y phase increases, where-
as that of a phase decreases.

Table 1 lists the concentrations of the major alloying ele-
ments in different phases of 2507 samples prepared by differ-

Fig. 1. Microstructure of 2507 SDSS prepared by different cooling methods: (a) annealed; (b) normalized; (c) quenched.
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Table 1.
ance equivalent number (PREN) values

1103

Average chemical composition of alloying elements in different phases obtained by EDS and the calculative pitting resist-

Chemical composition / wt%

Cooling method Phase - PREN
Cr Mn Ni Mo N
c 27.00 1.13 3.25 8.65 — —
Annealed o 23.49 1.02 3.68 6.71 0.03 46.113
Y 21.58 0.99 6.51 3.62 0.51 41.686
Normalized o 24.54 0.89 4.06 6.21 0.05 45.833
Y 21.95 1.07 6.29 3.81 0.48 42.203
Quenched a 23.54 1.14 3.51 5.72 0.07 43.536
Y 20.42 1.23 6.25 3.26 0.55 39.978

Note: PREN = 100wc; + 3.3 x 100wy, + 16 x 100wy, where w; means the mass content of the i element in the phase of 2507 SDSS.

ent cooling methods. The a and y phases within the normal-
ized steel have more Cr and Mo compared with the quenched
steel. The values of all the samples in Table 1 also indicate
that more Cr and Mo are concentrated in the o phase, where-
as the y phase contains more Ni and Mn. Furthermore, the Cr
and Mo contents in the ¢ precipitated phase are higher than
those in the o and y phases.

Fig. 2 depicts the effect of various cooling methods on the
variations of phase fraction. The volume fraction of y phase
increases with the decrease in the cooling rate, whereas the
volume fraction of a phase reduced gradually. In addition, the
o phase emerges in the annealed steel.
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Fig. 2. Phase fraction of 2507 SDSS prepared by different
cooling methods.
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3.2. Electrochemical measurements under

wet—dry cyclic condition

periodic

Fig. 3 presents the evolution of OCP of various samples
under a periodic wet—dry cyclic environment for 6 h in
3.5wt% NaCl solution at 30°C. The OCP values increases
first and subsequently declined with the drop in cooling rate.
The corrosion potential of the annealed sample is the most
negative and eventually stabilizes at about —0.38 V, whereas
the normalized sample shows a higher value compared with
the quenched sample. The OCP can reflect the corrosion
tendency. The lowest OCP indicates that the electrochemical
activity of annealed steel is the highest. Thereby, the an-

nealed sample has the highest corrosion tendency, followed
by the quenched sample. Finally, the normalized sample cor-
responded to the minimum corrosion tendency.
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Fig. 3. OCP of 2507 SDSS prepared by different cooling

methods under periodic wet—dry cyclic environment for 6 h.

Fig. 4 displays the electrochemical impedance spectra of
various samples tested in a periodic wet—dry cyclic environ-
ment for 6 h. Regarding the Nyquist plots, all the capacitive
reactance arcs display an incomplete semicircle, illustrating
that the corrosion mechanism of 2507 SDSS prepared by dif-
ferent cooling methods is not modified. Evidently, the min-
imum diameter of capacitive loop is observed in the an-
nealed steel, followed by that of quenched steel (Fig. 4(a)). In
general, the large diameter of capacitive loop corresponds to
a desirable anti-corrosion property [27-29]. This finding in-
dicates that the annealed sample possesses the poorest corro-
sion resistance. According to the Bode plot in Fig. 4(b), the
maximum impedence value (|Z]) of normalized steel within
low frequency region corresponded to excellent corrosion
resistance. In the spectra, Z,. and Z;,, present the real and ima-
ginary parts of the impedance, and f7is frequency.

The equivalent circuit shown in Fig. 5 was used to fit the
impedance spectrum data. In this model, R, denotes the elec-
trolyte resistance, Or represents the passive film capacitance,
and R; is the passive film resistance. Qg and R, denote the
double-layer capacitance and charge transfer resistance, re-
spectively [30-31]. The high-frequency region is closely re-
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(a) Nyquist plot; (b) Bode diagram.

lated to the corrosion resistance of the passive film, and the
low-frequency area may be associated with charge transfer
resistance. Table 2 shows the fitted results using the men-
tioned equivalent circuit. R, and Ry increase first and there-
after decrease accompanied by the decrease in cooling rate.
On the other hand, the normalized steel exhibits the maxim-
um Ry, which indicates that the steel has optimum stability
and the protection of passive films. The maximum R, of the
normalized steel shows no significant difference compared
with that reported in literature [32], suggesting that the charge
transfer process became harder. On the contrary, both R; and
R, of the annealed steel exhibit the minimum value. Hence,
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Impedance spectra of 2507 SDSS prepared by different cooling methods under a periodic wet—dry cyclic environment for 6 h:

under the simulated wet—dry cyclic environment, the normal-
ized steel shows the highest anti-corrosion property, fol-
lowed by quenched and annealed steels.
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Fig.5. Equivalent circuit for fitting EIS diagram.

Table 2. Fitted electrochemical parameters for EIS data of 2507 SDSS prepared with different cooling methods under periodic
wet—dry cyclic environment for 6 h
Cooling method R/ (Q-em’)  Qr/(10° F-em™®) ng Ri/(Q-em’)  Qq/(10° F-em?) na R/ (10° Q-cm’)
Annealed 44.81 2.084 0.8338 1527 2.666 0.8420 2.006
Normalized 28.00 2.240 0.8682 3876 2.442 0.8613 9.276
Quenched 22.06 2.809 0.8642 3810 3.629 0.8334 7.218

Note: n; and ng are phenomenological coefficients.

Fig. 6 shows the potentiodynamic polarization curves E
(potential)—i (current density) of various samples tested in a
periodic wet—dry cyclic environment for 6 h. The evident
passivation behavior of anodic polarization curves is ob-
served, and this finding may be associated with the passive
film that spontaneously formed on the samples under period-
ic wet—dry cyclic environment. In addition, the annealed steel
possesses the narrowest passive region. Based on the analys-
is of polarization curves, the passive current density (i), crit-
ical pitting potential (E,), and corrosion potential (E,,) can
be obtained (Table 3). Notably, the tendency of E, first in-
creases and subsequently decreases with the decrease in cool-
ing rate. The E, of normalized steel is slightly higher than that
of quenched steel, whereas the annealed steel exhibits the
lowest value. This finding reflects the lowest pitting suscept-
ibility of normalized steel, that is, the passive film formed on
the surface of normalized steel has the highest stability. Con-

versely, the annealed steel shows the highest pitting suscept-
ibility compared with the other structure samples. Moreover,
a small i, corresponds to the low corrosion rate [33]. As a
consequence, the lowest £, and the highest i, mean that the
annealed steel possesses the poorest corrosion resistance. In
the work of Zhang et al. [32], the difference between E, and
E... was applied to assess the passivity of steel. In general,
the lower the E,—E.,, value, the more inferior the pitting res-
istance of stainless steel is. The minimum E,—F,, value
means that the annealed steel has a high pitting susceptibility
under a periodic wet—dry cyclic environment (Table 3). The
corrosion susceptibility of 2507 SDSS prepared by different
cooling methods under a periodic wet—dry cyclic environ-
ment confirmed the results of EIS test.

Fig. 7 reveals the corrosion rate of 2507 SDSS prepared
by different cooling methods under a periodic wet—dry cyclic
environment for 10 d. The annealed steel exhibited the
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Fig. 6. Potentiodynamic polarization curve of 2507 SDSS pre-
pared by different cooling methods under periodic wet—dry
cyclic environment for 6 h.

Table 3. Electrochemical parameters for polarization curve of
2507 SDSS prepared by different cooling methods under peri-
odic wet—dry cyclic environment for 6 h

Cooling method &,/ (10°A-cm™) Eer/ V Ey/ V (EyEcor) | V

Annealed 2.10 -0.56 0.19 0.75
Normalized 0.90 -0.51 1.03 1.54
Quenched 1.28 -0.52 097 1.49

highest corrosion rate, followed by quenched and normal-
ized steels.

Fig. 8 displays the corrosion morphology of 2507 SDSS
prepared by different cooling methods under periodic
wet—dry cyclic environment for 10 d. As revealed in Fig.
8(a), the annealed steel shows the most serious corrosion de-
gree, with a large number of bright white pitting corrosion
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Fig. 7. Corrosion rate of 2507 SDSS prepared by different
cooling methods under periodic wet—dry cyclic environment for
10d.

and several small-sized pits connecting with each other to
form the large-sized pits. The number of pits on the surface of
quenched steel decreases to a certain extent compared with
that of annealed steel. However, the observation of pit mor-
phology indicates that the size and number of pits formed on
normalized steel considerably reduce, implying a very slight
corrosion degree. Therefore, the corrosion morphology re-
flects the difference in corrosion susceptibility of various mi-
crostructures.

The distribution of pitting corrosion is important to under-
stand the corrosion susceptibility of different microstructures.
Fig. 9 presents the pitting initiation sites of 2507 SDSS with
different microstructures under periodic wet—dry cyclic en-
vironment for 10 d after removing the corrosion product. The
annealed steel had the most severe corrosion degree, with a
large number of pits located in the white precipitate phase (¢

Fig. 8. Corrosion morphology of 2507 SDSS prepared by different cooling methods under periodic wet—dry cyclic environment for
10 d after removing the corrosion product: (a) annealed; (b) normalized; (c) quenched.
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Fig. 9. Pitting position of 2507 SDSS under periodic wet—dry cyclic environment for 10 d after removing the corrosion product: (a)

annealed; (b) normalized; (c) quenched.

phase) and several pits observed in the y phase. These find-
ings indicate that the o precipitate phase within the annealed
steel reduced the corrosion resistance of the steel. The EDS
analysis showed that the y phase contained less corrosion-
resistant elements, such as Cr and Mo, than the o phase due to
the precipitation of the ¢ phase. This finding can further ac-
count for the pitting corrosion distributed in the y phase (Fig.
9(a)). As shown in Fig. 9(b), the normalized steel exhibited
the minimum pits and the slightest corrosion degree in com-
parison with the other two samples. The pits mainly ap-
peared in the y phase, and several corrosion pits occurred in o
the phase embedded within the y phase. Similarly, Fig. 9(c)
reveals that the majority of pits in the quenched steel were
preferentially initiated in the y phase, and a small number of
pits occurred in the boundary areas of the o/y phase. These
results demonstrate the inseparable relationship between the
microstructure and corrosion susceptibility of 2507 SDSS.

In periodic wet—dry cyclic environments, the results of the
above tests suggest that the difference in corrosion resistance
of steel is most likely to be related with its microstructures.
The order of decreased corrosion resistance of 2507 SDSS
with different microstructures was normalized steel,
quenched steel, and annealed steel.

3.3. Passive film property test

The surface passive film significantly affects the corro-
sion susceptibility of stainless steel. According to the result of
polarization curve and the value of R; in Table 2, the passive
films formed on various microstructures has different corro-
sion resistances. Therefore, to further reflect the difference
among the three samples, we subjected the films formed on

the samples to an interference with an AC current density of
50 A-m* for 4 min after immersion in 3.5wt% NaCl solution
for 84 h. Then, electrochemical tests were performed, and the
film morphology was analyzed by AFM measurement.

Fig. 10 displays the electrochemical impedance spectra of
2507 SDSS with different microstructures under AC interfer-
ence. All curves in the Nyquist plots show the characteristics
of semi-circle arcs with different diameters, whereas the dia-
meter of capacitive loop of different samples first increases
and then decreases with the increase in cooling rate. The
Bode diagram is shown in Fig. 10(b). The minimum |Z] value
of annealed steel at the low-frequency region means that the
passive film possessed the poorest corrosion resistance.

The equivalent circuit used for fitting the impedance spec-
tra data is in agreement with the result shown in Fig. 5. Fig.
11 presents the variation of the fitted R (charge transfer res-
istance) and R; (passive film resistance) of different samples
under AC interference. A substantial reduction in R; is ob-
served on the annealed steel, which suggests that the integ-
rity and compactness of passive film interfered by AC inter-
ference are the poorest, leading to the easy penetration of the
substrate surface by ions and molecules in the solution and
accelerated electrode reaction. Moreover, the R; and R, of the
quenched specimen are slightly lower than those of normal-
ized specimen. These results suggest that AC generates dif-
ferent damage impacts on the passive films formed on vari-
ous microstructures. In consequence, the passive film formed
on normalized steel possesses the greatest anti-corrosion
property compared with the other steels.

Studying the properties of semiconductor passive film can
explain the essential reasons for the corrosion resistance of
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passive films with different microstructures. Thereby, after
AC interference, the semiconductor properties of passive
films formed on 2507 SDSS with different microstructures
were investigated by capacitance measurement [34-36]. The
relationship between space charge capacitance (C) and ap-
plied potential can be given by the Mott—Schottky equations
(1) and (2).

1 2

kT
o ssOTND(E —Ep— 7), for n-type semiconductors
(1

! 2 E-E kT f t i duct
—=_ — Eg — — |, for p-type semiconductors
C? ggpeNy L p-yp

2

where Ny, and N, are the donor and acceptor densities (cm ),
respectively, e is the electron charge (1.602189 x 107" C), ¢
is the relative dielectric constant of the passive film, ¢, is the
permittivity of the vacuum (8.854 x 1072 F-m™), T is the
Kelvin temperature, k is Boltzmann’s constant (1.38 x 107
J-K™), E is the applied electrode potential (V vs. SCE), and
Ej, is the flat band potential (V vs. SCE). Ny and N, can be
calculated from the slopes of the linear portion of
Mott—Schottky curves.

Fig. 12 presents the Mott—Schottky plots of 2507 SDSS
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Impedance spectra of 2507 SDSS prepared by different cooling methods under the interference with AC current density of

with various microstructures under the interference of AC
current. All three curves show an inflection point around —0.4
V, which implies the change in electronic properties. The ca-
pacitive test displays the presence of two linear regions in all
plots, and the positive slope indicates that the passive film
presents an n-type semiconductor behavior. Conversely, a
negative slope suggests the p-type semiconductor. Hence, the
surface passive film of different microstructures reveals the
characteristics of p-n type semiconductors. As revealed in
Table 4, the annealed steel displays the highest N, and N,,
followed by the quenched steel, whereas the normalized steel
exhibits the minimum value. The higher the number of carri-
er density, the more defects contained within the passive film.
The defect makes the passive film prone to rupture, causing
the pitting corrosion to preferentially initiate at the damage
site in the passive film.
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Fig. 12. Mott-Schottky plots of 2507 SDSS with various mi-

crostructures under interference with AC current density i c =
50 A-m” for 4 min.

Under AC interference, the maximum carrier density
value indicates that the stability and protection of the passive
film formed on the surface of annealed steel are the lowest
compared with those of the other steels. The film on normal-
ized steel has optimal stability and protection. Thereby, the
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Table 4. Calculated donor and acceptor densities of passive
films of 2507 SDSS with various microstructures under AC in-
terference (iyc = 50 A-m?) for 4 min

Cooling method Np / (10” cm™) N/ (10%®cm™)
Annealed 23.51 18.81
Normalized 6.7167 5.531
Quenched 10.448 7.233

corrosion behavior of 2507 SDSS with different microstruc-
tures is affected by the structure of the passive film to a cer-
tain extent.

Fig. 13 exhibits the AFM morphology of surface passive
films of samples prepared by different cooling methods. The
findings reflect the integrity of passive films formed on the
samples with different microstructures after AC interference.
Cellular and granular structures are observed on the surface
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passive film. The passive film on the surface of annealed
steel contains numerous defects characterized by holes in the
dark area (circled section in Fig. 13(a)). These defects
provide channels for the entry of harmful ions, and pitting
corrosion preferentially occurs at the damaged region within
the film (Fig. 9(a)). Meanwhile, the corrosion morphology in
Fig. 8(a) proves that the annealed steel has the severest corro-
sion degree, containing a considerable number of pits. As
shown in Fig. 13(c), the number of film defects formed on the
quenched steel are remarkably reduced. Compared with nor-
malized steel (Fig. 13(b)), the uneven film morphological
characteristics, such as the difference in particle size and
height, may be conducive to the concentration of harmful
ions in the solution, resulting in film breakdown and acceler-
ated pitting. By contrast, the surface film of the normalized
steel with AC application is relatively homogeneous and flat.
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2D AFM images and the corresponding 3D morphologies of passive films on 2507 SDSS prepared by different cooling

methods under the interference of AC current density (iyc =50 A-m) for 4 min: (a) annealed; (b) normalized; (c) quenched.
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This morphological characteristic considerably improves the
stability and protection of the film.

In summary, the results acquired from EIS test,
Mott—Schottky curve, and AFM measurement demonstrate
that the passive films formed on different microstructures
showed varied uniformity, stability, and protection under the
same AC interference. Therefore, the difference in corrosion
susceptibility of 2507 SDSS may be directly attributed to the
passive film formed on various microstructures.

3.4. Volta potential analysis

Fig. 14 shows the MFM and SKPFM diagrams of the
three samples with different microstructures. As shown in
Figs. 14(b,)-14(bs), the SKPFM images correspond to the
same area of MFM images (Figs. 14(a;)-14(a;). Figs.
14(c,)—14(cs) depict the Volta potential difference variation
of straight lines passing through different phases in the SKP-
FM images. The phases within different microstructures in
Volta potential maps can be distinguished by observing the
morphological characteristics of SEM and MFM images. Ac-
cording to the obtained results, the Volta potential of ferrite
phase (a) is considerably lower than that of austenite phase
(y) in all samples, which agree with the findings of previous
studies [37-39]. For normalized and quenched steels, the
maximum Volta potential difference at interfaces between
the o and y phases are approximately 63 and 70 mV, respect-
ively, which are calculated by the subtract between the no-
bler y potential and the low a potential, as marked in the red
circles. The great Volta potential difference between the o
and y phases in the quenched steel represents the large driv-
ing force to generate micro-galvanic corrosion. Thus, the cor-
rosion resistance of quenched steel is slightly lower than that
of normalized steel. For the annealed steel, as shown in Fig.
14(c,), the marked high austenite Volta potential and low fer-
rite potential in annealed steel are 13 and —26 mV, respect-
ively. The o precipitated phase possesses the highest Volta
potential of 24 mV compared with those of ferrite and aus-
tenite phases in annealed steel. Thus, the probability of mi-
cro-galvanic corrosion is vastly enhanced due to the Volta
potential differences between the o, v, and o phases. Given
this result, the amount of micro-galvanic corrosion cells of
this multiphase structure is well above that of other micro-
structures. Thus, its corrosion resistance is considerably re-
duced in spite of the relative low Volta potential difference.
Moreover, the above electrochemical test and AFM results
indicate that the passive films formed on different micro-
structures have varied corrosion resistances, which may be
associated with various microstructures and uneven distribu-
tion of alloy elements [40—41]. Based on the above analysis
results, the annealed steel possessed the poorest corrosion
resistance.

According to Figs. 14(c,) and 14(c;), the Volta potential of
austenite phase is nobler than that of ferrite phase in normal-

ized and quenched steels. However, Figs. 9(b) and 9(c) re-
flect that the pits are mainly distributed in the austenite phase,
whereas few pits emerge in the ferrite phase. The possible
causes are listed below. Volta potential is only suitable for
predicting the corrosion tendency and cannot reflect the actu-
al kinetics [37,42]. The distribution law of pitting is ex-
plained by the value of PREN. In general, PREN can reflect
the difference of pitting corrosion resistance between the o
and y phases [43—47]. A high PREN value means a high anti-
localized corrosion capability. Combined with the element
contents in EDS results and the calculated PREN values
(Table 1), the anti-localized corrosion capability of ferrite
phase is greater than that of austenite phase in all samples
with different microstructures, suggesting that austenite
phase, which acts as the anode in the micro-galvanic corro-
sion cells, is easily subject to pitting initiation. Thereby, pits
preferentially emerge in the y phase (Fig. 9).

Nevertheless, the pits formed on annealed steel are mainly
distributed in the ¢ precipitated phase. The corrosion resist-
ance of the ¢ phase cannot simply depend on the distribution
of Cr, Mo, and other alloy elements. The structural character-
istics of the phase and the formation of passive film should
also be fully considered. On the one hand, according to the
results of line scanning EDS (Fig. 15), the precipitation of ¢
phase causes a vast difference in the distribution of Cr, Mo,
and other alloy elements among the a, y, and ¢ phases, which
will inevitably lead to the formation of uneven passive film
on the surface of the steel substrate. Thus, the stability of the
passive film vastly decreases. Additionally, the higher the
element concentration gradient, the more apparent the differ-
ence of corrosion susceptibility of passive film is. Although
the o phase is rich in Cr, Mo, and other alloying elements, its
structure differed from the surrounding matrix phases of y
and o, which would also degrade the stability of the passive
film formed on the o precipitated phase. The results of polar-
ization curve, EIS test, and Mott—Schottky plots, especially
the apparent decrease of £, and the increase in i, value, can
prove this point. Furthermore, AFM morphology directly
demonstrates that the presence of o phase significantly de-
clines the uniformity, stability, and protection of the passive
film formed on the annealed steel. Fig. 9(a) shows that the o
precipitated phase can be viewed as the anode, and the other
matrix phases composed of y and a act as the cathode, result-
ing in a substantial micro-galvanic corrosion. The corrosion
current density of the anode is highly attributed to the small
area of the ¢ phase. Consequently, the corrosion of ¢ phase is
accelerated due to the electrochemical corrosion effect
between the small anode and large cathode, and the pits pref-
erentially form within the o precipitated phase. Thus, the ¢
phase drastically reduces the uniformity, stability, and pro-
tection of the surface passive film and promotes the pitting
corrosion.
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Fig. 14. MFM and SKPFM images of the annealed (a;, b,), normalized (a,, b,), and quenched (a3, b;) steels. (c;—c;) Volta potential
difference profile of the line shown in b,—b;.

via XPS measurement. Figs. 16-17 show the XPS peaks of

3.5. XPS studies
) ' . ' ) the main elements (Fe 2p, Cr 2p, O 1s, and Mo 3d) in the
The corrosion resistance of 2507 SDSS with various mi- passive film. Table. 5 lists the binding energies [48—49] ob-
crostructures is related to the composition of the passive film. tained from XPS spectra deconvolution.

Thus, the difference in its composition must be investigated Figs. 16(a;)-16(a;) display the fitted spectra of Fe 2p;, of
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Fig. 15. SEM image (a) and element content variation (b) of different phases in annealed steel.

Table S. Binding energy of the primary compounds of passive films formed on various microstructures

Element Binding energy / eV
Cr Crmen/574.1; Cr,05/576.3; Cr(OH)3/577.1
Fe Fe(men/706.7; Fe304/708.2; FeO/709.4; Fe,05/710.9
(o) 0%/530; OH /531.5; H,0/533
Mo Mo(mer/227.4; Mo*/230.2; Mo®'/232.2

Moer/230.9; Mo*'/233.4; Mo®'/235.1/235.1

the passive films formed on various microstructures, which
split into four constituent peaks, corresponding to Fe, FeO,
Fe,0s, and Fe;0,. The high intensities of Fe,0; and FeO il-
lustrate that Fe*" and Fe*" are the primary species of iron ox-
ide in the passive film. The Cr 2p,, spectra shown in Figs.
16(b;)—16(bs) are the composition of three constituent peaks,
which correspond to the formation of Crye, CrO;, and

Cr(OH);, respectively. The Cr,O; concentration of all
samples is the highest, which indicates that the compound
played an important role in the corrosion resistance of the
passive film. The Mo 3d spectra are fitted by six peaks of Mo
3d;;, and Mo 3ds, (Fig. 17(b;)—17(bs)). As for the Mo 3d spe-
cies formed on annealed steel, the intensity of Mo*" is the
highest. For the quenched and normalized steels, however,
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Fig. 16. XPS spectra of Fe 2ps, and Cr 2ps), of the passive films formed on annealed (a;, b;), quenched (a,, b,), and normalized

steels (az, by).
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(a3, by).

Mo®" is the primary constituent of the passive film. In gener-
al, the appearance of Mo®" is more effective than that of other
passive species, enhancing the stability of passive film
[50-51]. Therefore, the passive film on the surface of an-
nealed steel has the poorest stability. According to the results
of the fitted spectra of O 1s in Figs. 17(a;)—17(a;), the three
distinct peaks assigned to O*, OH, and H,O can be ob-
served. The relatively high intensities of O* and OH in the
three samples correspond to the formation of oxide and hy-
droxide in the passive film. Furthermore, the concentration of
bound water in annealed steel reduces compared with that of
the other two samples. Hashimoto et al. [52] demonstrated
that the bound water may degrade the nonuniformity of the
passive film. Consequently, the stability and homogeneity of
passive film formed on quenched steel and normalized steel
significantly improve.

According to the above XPS results, a minimal difference
is observed in the composition of passive films formed on
various microstructures. Combined with the results of EIS,
MS, and AFM tests under AC interference, we can infer that
the structure of passive film (stability and homogeneity)
largely affects the corrosion resistance of different micro-
structures compared with the composition of passive film.

4. Conclusions
The influence of microstructure and passive film on the

corrosion behavior of 2507 SDSS was investigated, and the
main conclusions can be summarized as follows.

(1) The occupation ratio of y phase increased with the de-
crease in cooling rate, whereas the content of o phase re-
duced gradually. In addition, the ¢ precipitated phase only
emerged in the annealed steel.

(2) Under periodic wet—dry cyclic environment, the nor-
malized steel showed an optimal corrosion resistance, fol-
lowed by the quenched steel and finally the annealed steel.
For the annealed steel with a multiphase structure, the pits
were mainly distributed in the o precipitated phase, which is
attributed to preferential dissolution of the ¢ phase as the an-
ode during corrosion. The PREN value of o phase was larger
than that of y phase in all samples. Thus, the pits preferen-
tially occurred in the y phase.

(3) The electrochemical measurement results revealed that
the passive films formed on various microstructures with AC
application had different uniformity and stability. The AFM
topographic morphology of passive film supplied a direct
evidence for the corrosion resistance of 2507 SDSS with dif-
ferent microstructures. Moreover, the structure of passive
film considerably affects the corrosion resistance of various
microstructures.

(4) For the annealed steel, the ¢ phase considerably de-
graded the stability of the surface passive film and increased
the amount of micro-galvanic corrosion cells. This finding
may be ascribed to the multiphase structure, which acceler-
ated the pitting corrosion. Compared with the normalized
steel, the Volta potential difference between the a and y
phases was higher in the quenched steel, which represents the
larger driving force of micro-galvanic corrosion, resulting in
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the more severe corrosion degree in the quenched micro-
structure. However, the Volta potential of ferrite was lower
than that of austenite phase, which reflects the corrosion
tendency.
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