crystals MBPY

Article
Pitting Corrosion Resistance on Annealing Treated
Super Duplex Stainless Steel $32750

Shuang Liu L2(0, Chaohua Yue 1202, Xi Chen 202, Qiuhua Zhu 3© and Yiyou Tu 1.2,%

1 School of Materials Science and Engineering, Southeast University, Nanjing 211189, China;

230198207@seu.edu.cn (S.L.); 220181957@seu.edu.cn (C.Y.); 220192031@seu.edu.cn (X.C.)

Jiangsu Key Laboratory of Advanced Metallic Materials, Southeast University, Nanjing 211189, China
Jiangsu Wujin Stainless Steel Pipe Group Co., Ltd, Changzhou 213100, China; zhugh@wjss.com.cn
Correspondence: tuyiyou@seu.edu.cn

check for
Received: 24 March 2020; Accepted: 9 April 2020; Published: 11 April 2020 updates

Abstract: The pitting corrosion resistance of 532750 super duplex stainless steel, annealing treated at
temperatures of 950-1200 °C for 20-60 min, was investigated using potentiodynamic polarization
tests. The results show that the volume fractions of ferrite in the S32750 duplex stainless steel
increased from 48.9% to 68.4% as annealing temperatures increased from 950 to 1200 °C. The pitting
potential of the sample increased first and then decreased from an annealing temperature of 950
to 1050 °C, and the highest pitting potential was observed after annealing at 1050 °C for 35 min.
The pitting corrosion resistance of 532750 stainless steel is due to the combination of pitting resistance
equivalent number (PREN) value, phase fraction and grain boundary area fraction, and the imbalance
of corrosion potential.

Keywords: pitting corrosion resistance; duplex stainless steel; polarization tests; pitting resistance
equivalent number

1. Introduction

Duplex stainless steel (DSS) consists of ferrite and austenite, so DSS has the comprehensive
advantages of ferritic and austenitic stainless steel, including high strength, good stress corrosion
resistance, and excellent toughness, plasticity, and weld abilities [1-6].

The annealing treatment process significantly affects the corrosion resistance of DSS, which is
closely related with its microstructure and especially the equilibrium partition of the alloy elements in
two phases [7-12]. Generally, the pitting resistance equivalent number (PREN) is used to estimate the
pitting corrosion resistance of stainless steel; the overall pitting corrosion resistance is determined by the
phase with the lower PREN value and the difference in the PREN values in each phase [13-15]. Tan et al.
investigated the pitting corrosion resistance of commercial super duplex stainless steels (UNS 532750)
annealed at 1030-1200 °C. They found that the PREN curves of ferrite and austenite in 532750 intersect at
1080 °C, and 532750 stainless steel annealed at 1080 °C exhibits the best pitting corrosion resistance [16].
Hwang and Park examined the pitting corrosion resistance of 26.2Cr-6.99Ni-2.37Mo-2.88W-0.35N
duplex stainless steel, and reported that the PREN difference between ferrite and austenite is the
lowest when the stainless sample is annealed at 1090 °C, in which the pitting resistance of the stainless
steel is high [17]. However, some scholars think that the theory that pitting resistance depends on
PREN values is not always valid. Garfias-Mesias et al. reported that pitting initially occurs in the
ferrite phase, despite the PREN value of austenite phase being lower than that of the ferrite phase [18].
Ha et al. measured the relationship between pitting corrosion resistance and the ferrite fraction of
commercial 2205 duplex stainless steel, and they reported that the overall pitting corrosion resistance
of the annealed DS52205 steels could not be arbitrarily determined by PREN values [19]. For PREN
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= [Cr] + 3.3[Mo] + A[N], where A is the diffusion coefficient of [N], the diffusion coefficient varies.
In some reports, the coefficient is 16 [18], whereas in others, 20 [10] or 30 [11] were used. Therefore, for
different coefficients, the estimated pitting corrosion resistance may be different from that predicted by
PREN values.

The aim of this study was to examine the relationship between annealing treatment temperature,
annealing time, phase fraction, and pitting corrosion resistance, and determine the optimum annealing
treatment parameters for pitting corrosion resistance.

2. Materials and Methods

The material employed in this study was S32750 duplex stainless steel, and its main chemical
composition in wt % was 63.4Fe-24.88Cr-6.61Ni-3.47Mo-0.69Mn-0.59Si. Figure 1 shows a starting alloy
microstructure. We cut 10 X 10 x 8 mm cuboid specimens from the hot rolled sheets, and then, the
samples were annealed at various temperatures, 950, 1000, 1050, 1100, 1150, and 1200 °C, for 35 min,
followed by quenching in water at room temperature. To study the effect of annealing time on the
pitting corrosion of stainless steel, different annealing times (20, 30, 40, 60 min) were used at 1050 °C.

The starting microstructure was investigated using a metallographic microscope (OLYMPUS,
Japan). For microscopic analysis, the surface of the samples was wet ground with SiC paper,
mechanically polished using a diamond suspension to 1 pm, and then chemically etched in a K;S,05
solution (1 g K»5,05 + 20 mL HCI + 0.3 g CuCl, + 100 mL HO).

The microstructures and compositions of the ferrite and austenite phases were examined using
a Sirion Field scanning electron microscope (SEM, FEI, Netherlands) equipped with an electron
backscattered diffraction (OIM 4000, FEI, Netherlands) and an energy dispersive spectrometer (EDS,
GENESIS 60S, FEI, Netherlands). For the electron backscattered diffraction (EBSD) test, the samples
were electropolished in a mixed solution of 20 vol % perchloric acid and 80 vol % ethanol at 20 V for 45
s after mechanical polishing. The phase fractions of the samples were quantitatively characterized
by EBSD maps using an OIM analysis system (FEI, Netherlands). The partition of the alloying
elements in the ferrite and austenite phases of each sample was investigated using an energy dispersive
spectrometer (EDS).

Electrochemical measurements were performed on a CHI660E (Shanghai Chen Hua, China)
electrochemical workstation. For this test, the 532750 stainless steel samples, Pt sheet, and saturated
calomel electrode were the working electrodes, the counter electrode, and the reference electrode,
respectively, and the electrolyte solution was 3.5% (mass fraction) NaCl solution. To obtain the stable
open circuit potential values (OCP), the stainless steel samples were etched in the solution for 60 min,
and then electrochemical impedance spectroscopy (EIS) was conducted using AC signals with an
amplitude of 5 mV in the frequency range from 100 kHz to 10 mHz. The measured EIS data were fitted
using ZsimDemo software (Shanghai Chen Hua, China). The polarization tests were implemented
from a potential —1.3 to 1.2 V at a scan rate of 1.0 mV s~!, and the pitting morphology was characterized
by SEM after the tests. The pitting potential (Ep;t) and corrosion current density (icorr) were obtained
from the polarization curves.

50

Figure 1. Optical micrograph of S32750 stainless steel (the dark region is ferrite and the bright region
is austenite).
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3. Results

3.1. Microstructure

The microstructures of the S32750 stainless steel annealed at different temperatures are displayed
in Figure 2. The ferrite phase is always continuous, and the austenite phase, which disperses in the
ferrite phase region, is visible in islands or strips. The austenite phase islands gradually refine and
the fraction of austenite phase decrease with increasing annealing temperature. Correspondingly, the
ferrite and austenite phase fractions of the annealed sample at different temperature are depicted in
Figure 3. The ferrite phase fractions increase from 48.9% at 950 °C to 68.4% at 1200 °C, while the
austenite phase fractions decrease from 51.1% to 31.6%. The ratio of austenite and ferrite remains almost
the same when the annealing temperature is about 970 °C, accounting for 50% each. An equilibrium
phase diagram of the 532750 stainless steel calculated using JMatPro software (Sente Software Ltd.,
Guildford, England) is shown in Figure 4. The temperature of the equal two-phase fraction calculated
by the software is about 1100 °C, which is different from the experimental results. This may be caused
by the uneven distribution of elements in the experiment and calculation, or by inclusions.

Figure 2. Electron backscattered diffraction (EBSD) phase maps of S32750 stainless steel sample at
different annealing temperatures for 35 min: (a) 950, (b) 1000, (c) 1050, (d) 1100, (e) 1150, and (f) 1200 °C.
The blue region is ferrite and the yellow region is austenite.
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Figure 3. The ferrite and austenite phase fraction at different annealing (a) temperatures and (b) times.
The average and standard deviation values (scatter band) of the phase fraction were obtained from
5 experiments.
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Figure 4. Equilibrium phase diagram of the S32750 stainless steel calculated using JMatPro software
(Sente Software Ltd., Guildford, England).

Figure 5 shows the EBSD phase maps of S32750 stainless steel sample after different annealing
times at 1050 °C. We found that the austenite phase is distributed in the ferrite phase in long strips or
islands with short annealing times (Figure 5a). With the prolongation of annealing time, the austenite
phase gradually transforms into an island distribution. The results showed that with the increase in
annealing time, the austenite phase gradually fragments and the phase boundaries between the two
phases increase. Figure 3b shows that when the annealing time increases from 20 to 35 min, the ferrite
phase fraction increases slightly and the austenite phase fraction decreases slightly. Compared with the
effect of annealing temperature, annealing time has less of an effect on the fraction of the two phases.
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Figure 5. EBSD phase maps of 532750 stainless steel sample at different annealing times at 1050 °C:
(a) 20, (b) 30, (c) 40, and (d) 60 min. The blue region is ferrite and the yellow region is austenite.

3.2. Alloying Elements Partitioning

Table 1 shows the concentration of alloying elements at different annealing temperatures examined
using an energy dispersive spectrometer. Cr and Mo are enriched in ferrite, whereas Ni and Mn are
enriched in austenite. With increasing annealing temperature, the concentrations of Cr, Mo, Ni, and
Mn in the austenite phase decrease slightly. The solubility of N in the body-centered cubic structure is
less than 0.1 wt %, which is much lower than in the face-centered cubic structure. Therefore, most
N elements are enriched in austenite with a face-centered cubic structure rather than ferrite with
a body-centered cubic structure. Table 2 lists the concentrations of alloying elements at different
annealing times. Similarly, Cr and Mo are enriched in the ferrite phase, while Ni and Mn are enriched
in the austenite phase.

Table 1. Annealing temperature, phase fraction, element composition and pitting resistance equivalent

number (PREN) values of the ferrite (x) and austenite (y) phases of 532750 stainless steel annealed

samples. PREN = [Cr] + 3.3[Mo], PREN,.15 = [Cr] + 3.3[Mo] + 16[N] - [Mn] [18].

Annealing

Composition (wt %)

Temperature (°C) Phase o Mn Ni Mo PREN, PREN,.36
% 26930 0.860 4.667 3763 000051  39.349
950 v 24163 0.940 7.417 2397 048875 38.953
% 26,617 0.857 4737 3420 000048  37.903
1000 v 24.090 0.930 7.343 2317 052690 39.236
1050 % 26.670 0.817 4617 3640 000046  38.682
¥ 24.087 0.973 7.060 2507 054412 40.093
100 % 25.903 0.827 5.007 3470 000041  37.354
¥ 23923 0.853 7.387 2363 0.64702 41220
1150 % 25.147 0.773 4863 3403 000042 36378
¥ 23.777 0.897 7.223 2227 062127 40169
1200 % 25.650 0.827 5.357 3573 000037  37.442
¥ 23.830 0.877 7.170 2497 079035 43.838




Crystals 2020, 10, 294 6 of 15

Table 2. Annealing time, element composition, and PREN values of the ferrite (&) and austenite (y)
phases of 532750 stainless steel annealed samples. PREN = [Cr] + 3.3[Mo], PREN,, 14 = [Cr] + 3.3[Mo]
+ 16[N] - [Mn] [18].

A.nnea1i1'1g Phase Composition (wt %) PREN PREN .16
Time (min) Cr Mn Ni Mo N
20 o 26.726 0.763 4.660 3.454 0.00492 38.125
Y 25.623 0.891 7.282 2277 0.50407 40.310
30 o 26.393 0.766 4.928 3.323 0.00476 37.358
Y 25.541 0.833 7.531 2281 0.52215 40.592
o 26.411 0.748 4911 3.308 0.00465 37.327
40 Y 25.397 0.852 7.497 2.294 0.53688 40.705
60 o 26.448 0.722 4.610 3.374 0.00473 37.583
Y 25.414 0.829 7.285 2.290 0.52660 40.568

3.3. Resistance to Pitting Corrosion

The polarization curves of the 532750 stainless steel samples at different annealing temperatures
are illustrated in Figure 6. All the samples showed obvious passivation zones, indicating that 532750
stainless steel exhibits good corrosion resistance due to the formation of a passivation film. According
to the polarization curves, corrosion current density (icorr) and pitting potential (Epit) as functions of
the annealing temperature are shown in Figure 7. Pitting potential (Ep;) increased to maximum when
the annealing temperature was 1050 °C, and then decreased with the annealing temperature. The
corrosion current density (icorr) shows a completely opposite trend. Correspondingly, the numerical
results are provided in Table 3. We concluded that the optimum pitting corrosion resistance of 532750
stainless steel is obtained after annealing at 1050 °C.

0.0
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Figure 6. Polarization curves of S32750 stainless steel at different annealing temperatures.
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Figure 7. (a) Corrosion current density and (b) pitting potential of S32750 stainless steel at different
annealing temperatures.

Table 3. Corrosion current density (icorr)and pitting potential (Ep;;) values (average + standard
deviation) of S32750 stainless steel at different annealing temperatures. The average and standard
deviation values were obtained from 5 experiments.

Annealing Temperature (°C) icorr (LA/cm?) Epit (V)
950 9.649 + 0.421 0.965 + 0.021
1000 8.770 = 0.125 1.000 + 0.013
1050 6.954 + 0.207 1.197 + 0.022
1100 9.889 + 0.126 1.160 + 0.007
1150 12.580 + 0.155 1.107 + 0.008
1200 11.870 + 0.368 1.100 + 0.026

Figure 8 demonstrates the Nyquist curves of EIS in NaCl solution. We found that the Nyquist
curves of S32750 stainless steel show capacitive semicircle loops, which indicate that a complete
passive film formed on the surface of the samples. With increasing annealing temperature, the radius
of the overall capacitive semicircle loops firstly increased and then decreased, and the capacitive
semicircle loops of 532750 stainless steel treated at 1050 °C was the largest. Generally, large capacitive
semicircle loops indicate a highly stable passive film formed on the surface of samples, leading to
strong pitting resistance.

The equivalent circuit (EC) used for fitting the EIS data using ZsimDemo software is presented in
Figure 9. The fitting results of each component are shown in Table 4. According to the fitting data
in Table 4, as for the evolution of the radius of the overall capacitive semicircle loops, the resistance
of charge transfer (Rct) of the passive film firstly increased and then decreased. The Rt of S32750
stainless steel annealed at 1050 °C was the largest. So, the passive film on S32750 stainless steel treated
at 1050 °C is hard to destroy.
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Figure 8. Nyquist curves of 532750 stainless steel at different annealing temperature.
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Figure 9. Equivalent circuit of electrochemical impedance spectroscopy (EIS) of S32750 stainless steel

at different annealing temperature.

Table 4. Equivalent circuit parameter values for 532750 stainless steel samples at different annealing

temperatures. R is the resistance of the solution, R is the resistance of charge transfer, Q is the constant
phase element (CPE), n is the CPE exponent (0 <n < 1).

Temperature (°C) Rs (Q)) Ret () CPE n
950 5.37 1.96 x 10* 6.24 x 107> 0.8858
1000 10.40 5.45 x 10* 8.65 x 107° 0.8181
1050 9.83 8.95 x 10* 1.55 x 1074 0.9223
1100 11.68 2.23 x 10% 5.26 x 1075 0.8707
1150 7.33 3.16 x 10* 7.00 x 107> 0.8631
1200 5.57 4554 8.92 x 1072 0.8678

The polarization curves, corrosion current density (icorr), and pitting potential (Epit) of the 532750
stainless steel samples at different annealing times are provided in Figures 10 and 11. The numerical
results are listed in Table 5. With increasing annealing time, the corrosion current density decreased
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first and then rose, and the corrosion current density of the S32750 super duplex stainless steel for
30 min was lower. The pitting potential was highest for 35 min.
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Figure 10. Polarization curves of 532750 stainless steel with different annealing times.

14 1.24
a — Y 122+

12 Icorr | b _._Epit
1 120}
10} 118 F
< 116 |
E 8t : I
2 114}
1 X 5
= 8 112}
gk 110t

108 \i
1 " 1 " 1

ot (V)

E

l -
2r 1.06 F

1 n Il L 1 n 1 " 1 L 1 L 1

20 30 40 50 60 20 30 40 50 60
Annealing Time (min) Annealing Time (min)

Figure 11. (a) Corrosion current density and (b) pitting potential of 532750 stainless steel at different
annealing temperatures.
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Table 5. Corrosion current density and pitting potential values (average + standard deviation) of

532750 stainless steel with different annealing times. The average and standard deviation values were

obtained from 5 experiments.

Annealing Time (min) icorr (LA/cm?) Epit (V)
20 11.200 + 0.381 1.077 £ 0.011
30 3.084 + 0.437 1.117 + 0.012
35 6.954 + 0.207 1.197 + 0.022
40 6.680 = 0.214 1.094 + 0.015
60 12.580 + 0.276 1.079 + 0.009

Figure 12 depicts the Nyquist curves of EIS in NaCl solution. We found that the Nyquist curves of
532750 stainless steel showed capacitive semicircle loops, which indicated that a complete passive film
formed on the surface of the samples. In the holding time range of 2040 min, the radius of capacitive
arc increased, and the 532750 super duplex stainless steel with a holding time of 40 min had the largest

radius of capacitive arc.
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Figure 12. Nyquist curves of 532750 stainless steel at different annealing times.

The EC used for fitting the EIS data using ZsimDemo software is presented in Figure 9. The fitting
results of each component are shown in Table 6. According to the fitting data, as with the evolution
of the radius of the overall capacitive semicircle loops, the resistance of charge transfer (Rct) of the
passive film firstly increased and then decreased; the Rt of S32750 stainless steel annealed for 40 min
was the largest. To summarize, the annealing time to create the strongest resistance to pitting may
require comprehensive consideration of corrosion current density, pitting potential, and capacitive arc,
and especially the micro morphology after corrosion.
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Table 6. Equivalent circuit parameter values for S32750 stainless steel samples at different
annealing times.

Annealing Time (min) R (Q)) Ret () CPE n
20 9.388 7.51 x 10* 450 x 107> 0.8
30 6.514 8.51 x 10* 3.71x107° 0.9098
35 9.830 8.95 x 10* 1.55 x 104 0.9223
40 5.409 1.19 x 10° 3.05x107° 0.9153
60 5.519 7.93 x 10* 3.40x107° 0.8

3.4. Corrosion Surface Morphology

Figure 13 shows the SEM photographs of the samples at different annealing temperatures after
the polarization test. All the samples showed pits with different sizes; after annealing treatment at
950-1000 and 1150-1200 °C, the two-phase corrosion rates of the samples were quite different, and the
corrosion height between ferrite and austenite showed obvious differences. However, the corrosion
morphologies of the two phases of the annealing samples at 1050-1100 °C were not significantly
different. This indicated that the corrosion resistance of 532750 super duplex stainless steel increases
first and then decreases with increasing the annealing temperature from 950 to 1150 °C. The S32750
super duplex stainless steel sample, after annealing at 1050 °C, had the optimum pitting corrosion
resistance, which is consistent with the polarization test results.

Figure 13. SEM photographs of corrosion morphology of 532750 stainless steel at different annealing
temperatures for 35 min after polarization tests: (a) 950, (b) 1000, (c) 1050, (d) 1100, (e) 1150, and
(f) 1200 °C.

The corrosion morphology of the samples obtained by annealing with different holding times at
1050 °C is shown in Figure 14. The corrosion pits of the 20 and 60 min samples were remarkable, but
the pitting corrosion pits of the 30 min and 40 min samples were not obvious. Comparing Figure 14b
with Figure 13c, the height difference between ferrite and austenite in Figure 13c is smaller, and the
pitting potential after annealing at 35 min is higher than after 30 min according to the polarization test
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results. We concluded that the optimum pitting resistance can be obtained for 532750 stainless steel
annealed at 1050 °C for 35 min.

AccV SpotMagn Det WD Exp p——————] 50m AccV SpotMagn Det WD p———— 50um
200kV40 1000x SE 44 1 200kV 40 1000x TLD 64

R : 7

AccV SpotMagn Det WD p————— 50m AccV SpotMagn Det WD ———— 50 um
200KV 40 1000x TLD 6.7 200KV 40 1000x TLD79

Wy

Figure 14. SEM photographs of corrosion morphology of 532750 stainless steel at different annealing
times at 1050 °C after polarization tests: (a) 20, (b) 30, (c) 40, and (d) 60 min.

4. Discussion

The pitting corrosion resistance of duplex stainless steel is determined by the weak phase in
the two phases, and when their pitting corrosion resistance is similar, the overall pitting corrosion
resistance of duplex stainless steel is still good. The pitting corrosion resistance of stainless steel is often
quantitatively evaluated by the pitting resistance equivalent number (PREN) [20-25]. As an empirical
measurement of pitting corrosion resistance of duplex stainless steel, PREN is defined as a function
related to alloy elements Cr, Mo, N, and Mn. Due to the partition of alloy elements, PREN values in
austenite and ferrite are different. The equation for calculating the PREN of ferrite phase is [26-28]:

PREN = [Cr] + 3.3[Mo]
With regard to austenite, the calculation is:
PREN, 16 = [Cr] + 3.3[Mo] + 16[N] - [Mn]

PREN,30 = [Cr] + 3.3[Mo] + 30[N] - [Mn]

The coefficient of [N] in the equation for calculating austenite PREN is usually 16 or 30. In this
work, we used 16. The PREN values were calculated according to the above formulas, as shown in
Figure 15. The PREN values of austenite were obviously higher than those of ferrite, and PREN
decreased gradually with the increase in temperature, but the PREN,_1¢ increased gradually due to
the migration of Cr and Mo from ferrite to austenite.
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Figure 15 shows that the curves of PREN and PREN, ;¢ intersect at 961 °C. According to PREN
semi-empirical theory, the pitting corrosion resistance of super duplex steel is determined by the phase
with the lower pitting potential, so the corrosion resistance of ferrite determines the overall corrosion
resistance of 532750 stainless steel. However, according to the experimental results, the relationship
between pitting potential and temperature exhibits an inverted V-shape rather than monotonically
decreasing. With the evolution of PREN, Ha et al. reported that the ferrite fraction of the highest
pitting corrosion resistance of duplex stainless steel was 56% rather than 50% based on PREN theory [7].
Garfias-Mesias et al. demonstrated that the pitting corrosion resistance of S32550 duplex stainless steel
is not evaluated by the ferrite PREN value that is lower than that of the austenite phase [18]. Thus, the
overall pitting corrosion resistance of 532750 duplex stainless steel cannot be evaluated only using a
single factor of the PREN value.

However, Figure 15b shows that the PREN difference between the two phases is the smallest
at 35 min compared with the other annealing times, and the highest pitting resistance potential
also occurred at 35 min, which seems to be consistent with traditional PREN theory. Based on the
above analysis, in this work, the pitting corrosion resistance of S32750 stainless steel was due to the
combination of PREN value, phase fraction and grain boundary area fraction, and the imbalance in
corrosion potential. Thus, further work is needed to identify the factors affecting the pitting corrosion
resistance or to modify the PREN theory.

44
444
a —=—PREN
—=—PREN 431 §
43 a ~8=-FREN. .,
42
42 4
411 = — N
z z '/\'/'
Lu " Lu 40'
g ¢
39_ 39"
38+ 38+ '\/\/’/_‘
37 - 374
36 T v T ¥ T " T ¥ T v T 36 T Y T v T v T T T
950 1000 1050 1100 1150 1200 20 30 40 50 60
Annealing temperature (°C) Annealing time (min)

Figure 15. The PREN values of S32750 annealed at different (a) temperatures and (b) times.

5. Conclusions

The effect of annealing treatment on the microstructure and pitting corrosion resistance of 532750
super duplex stainless steel was investigated in this study. Our conclusions are as follows:

(1) The volume fractions of ferrite in the S32750 duplex stainless steel increase from 48.9% to 68.4%
as annealing temperatures increase from 950 to 1200 °C.

(2) In S32750 duplex stainless steel, Cr and Mo are enriched in the ferrite phase, while Ni and Mn
are enriched in the austenite phase. With increasing annealing temperature, the concentrations of Cr,
Mo, Ni, and Mn in the austenite phase decrease.

(3) The pitting potential of the sample increased first and then decreased with annealing
temperatures of 950-1050 °C, and the process parameters for obtaining the optimum pitting resistance
were annealing at 1050 °C for 35 min.

(4) The pitting corrosion resistance of S32750 stainless steel is due to the combination of PREN
value, phase fraction and grain boundary area fraction, and imbalance in corrosion potential.
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