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In this study, the effect of heat treatment processes on microstructure and pitting corrosion resistance
of 2205 duplex stainless steel within the temperature range of 500°C~650°C was investigated.
According to TEM analysis, intermediate phase and R phase begin to precipitate after aging 48h at 590
°Cand o phase begins to precipitate after aging 5h at 650 °C. The anodic polarization results show that
the pitting resistance of samples was reduced both at aging temperatures of 590°C and 650°C. The
results also indicate that the precipitation of intermediate phase obviously decreased the pitting
corrosion resistance of 2205 duplex stainless steel. In addition, it was observed that the pits inclined to
nucleate and grow near the precipitations in the ferrite and o/y interface boundary.
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1. INTRODUCTION

2205 duplex stainless steel(DSS) which has a two phase microstructure: austenite and delta
ferrite, possesses good resistance to pitting and corrosion cracking. Owing to the excellent properties,
such as high strength, good corrosion resistance, duplex stainless steel has a large amount of
applications in aggressive marine environments [1-6]. However, the corrosion resistance is always the
essential problem that limits the more wide use of duplex stainless steel [7,8].

The presence of considerable amount of elements, like Cr, Ni, Mo, M, N, gives 2205 duplex
stainless steel excellent resistance in chloride containing solutions. Nevertheless, during heating within
the temperature range of 500°C~650°C, the intermediate phase was precipitated, including carbides,
phases, sigma phases and R phases [9-14]. Sigma phase is precipitated at temperature of 600°C to
1000°C. On the one hand, it has been reported that sigma phase is the most adversely intermediate
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phase which can reduce the toughness [15]. On the other hand, sigma phase is mainly made up of Cr.
The precipitation or dissolution of this phase can reduce the number of Cr in the area so that the pitting
corrosion resistance of duplex stainless steel will be decreased [10, 16-17]. According to the literatures
[11-13], the R phase is formed much earlier than the sigma phase during the temperature range of
550°C~750°C. The R phase is rich in Mo. Therefore, the precipitation of R phase results in the reduction
of Mo and the pitting corrosion resistance.

Therefore, the aim of this work is to determine the effect of heat treatments between
500°C~650°Con the microstructure and pitting corrosion resistance. The microstructure was studied by
optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The pitting corrosion resistance was performed by electrochemical measurements in 3.5 wt.%
NaCl solution. The relationship between the microstructure and the electrochemical tests was
disscussed.

2. EXPERIMENTAL

Table 1. Nominal chemical composition of 2205 duplex stainless steel

Element C Mn Si S P Ni Cr Mo N Fe
Wt.% 0.023 135 0.38 0.001 0.026 483 2207 237 0.19 Bal.

The used materials was commercial 2205 duplex stainless steel with the composition shown in
Table 1. Samples with a certain size were cut directly from the 2205 duplex stainless steel bars. The
samples were solution treated at 1050°C for 30min in the high temperature box type resistance furnace
and quenched in water. Then the experimental samples were aged at 590°C for 10,24,48,72 and 96h,
and at 650°C for 2,5,10, 18 and 24h.

X-ray diffraction(XRD) analysis of the experimental samples were investigated using a X-Ray
diffractometer with CuKo radiation. The microstructure of the processed samples was observed by
OM, field emission SEM and TEM. The samples for TEM experiment were firstly ground to a
thickness of about 0.6 mm, and then were mechanically polished to a thickness of about 25um. Finally
the samples were reducing via a twin-jet machine and a ion beam thinner.

The samples used for electrochemical measurements were all cut into a cube shape with a
length of 1cm. First of all, the samples were ground successively in turns with 220-, 400-, 600-, 800-,
and 1000- SiC papers, mechanically polished, and cleaned with deionized water to get a fine surface.
Prior to the test, high purity N, were filled into the solution no less than 30min to remove the oxygen
which was dissolved in the solution. The pitting tests were determined by anodic polarisation curves in
a 500ml 3.5%NacCl solution at 20°C, starting from the corrosion potential and with a scan rate of 9
mV/min. Metallographic observation of the pits which were generated by potentiostatic measurements
in a 3.5%NacCl solution were analysed by OM and SEM.
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3. RESULTS AND DISCUSSION

3.1. Microstructures and precipitates

(100um

Figure 1. Optical microstructure of 2205 DSS after solution treatment at 1050°C for 30min

Figure 2. Optical microstructure of 2205 DSS aged at aging temperature of 590°C for different aging
time (10, 24, 48, 72, and 96h)
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Fig. 1 shows the microstructure of the 2205 duplex stainless steel after solution at 1050°C for
30min. The bright part is the austenite phase(y), the dark part representing the ferrite phase(a). This
figure suggests that the bar-like austenite phase is embedded in the ferrite matrix, and the volume
fraction of the austenite is close to that of the ferrite, indicating a good balance of both phases.

Fig.2 shows the microstructures of samples aged at 590°C for different time (10, 24, 48, 72, and
96h). As can be observed, the microstructure of 2205 DSS treated for 10h has no significant change
compared with Fig.1. With the increasing aging time (from 24h to 96h), black grains appear in the o
phase, and the amount of the black grains increases, except that there is no change in the grain size.
Subsequently, the volume fraction of a phase decreases.
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Figure 3. XRD spectra of 2205 DSS after different heat treatment

Fig.3 shows the XRD spectra of 2205 duplex stainless steel aged at different aging temperature
for different aging time. In Fig.3, the peaks of the a, y phase can be indexed in all the samples.
However, there is no new phase observed in XRD spectra. This is not consistent with the
microstructural results observed by OM. The reason may be that the size of intermediate phases
precipitated in the a phase is too small and the amount of that is so little that the XRD apparatus used
in current investigation can not detect the signal from the intermediate phases.



Int. J. Electrochem. Sci., Vol. 10, 2015 9363

3.2. Characterization of the precipitates

. 800nm

Figure 4. TEM graphs showing the 2205 DSS aged at 590°C for 96h: (a) the precipitate, (b) bright-field
image, (c) dark-field image and (d) the selected area diffraction patterns with the
corresponding analysis

Fig.4 shows the TEM micrographs and diffraction patterns of 590°C for 96h samples. Fig.4(a)
indicates that intermediate phase is precipitated from o/y interface boundary with length in 2~3um,
thickness in 1um. Figs.4(b) and (c) are bright-field and dark-field images, where as Fig.4(d) shows the
selected area diffraction patterns in Figs.4(b) and (c).
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Figure 5. TEM graphs showing the 2205 DSS aged at 650°C for 18h: (a) the precipitate, (b) bright-field
image, (c) dark-field image and (d) the selected area diffraction patterns with the
corresponding analysis

In the bright-field and dark-field images, the matrix is o phase. Fig.4(d) reveals that
intermediate phase is R phase. Fig.5 and Fig.6 are the TEM micrographs and diffraction patterns of
650°C for 18h samples. The results suggest that the samples treated at 650°C for 18h have two
intermediate phases, including R phase and o phase. This is consistent with the results obtained by
OM.
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Figure 6. TEM graphs showing the 2205 DSS aged at 650°C for 18h: (a) the precipitate, (b) bright-field
image, (c) dark-field image and (d) the selected area diffraction patterns with the
corresponding analysis

3.3. Electrochemical measurements

Fig.7(a) shows the polarization curves of experimental stainless steels aged at 590°C for
different aging time. Meanwhile, the lines with different colours represent different aging time at the
same aging temperture 590 °C(1-10h, 2-24h, 3-48h, 4-72h, 5-96h). The corrosion parameters are
summarized in Table 2. According to Fig.7(a) and Table 2, the corrosion potential of the line 5 (around
-0.3V) is apparently lower than the other lines. However, the corrosion current increases with the
increase of aging time. It means that with the increasing of aging time, the pitting corrosion resistance
decreases, which may be related to the amount of the precipitation of the R phase that is rich in the
elements of Cr and Mo[11-13]. With the increasing of treating time, more R phases are precipitated in
the area so that the amount of Cr and Mo decreases sharply. Nevertheless, Cr and Mo are the main
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elements that can improve the corrosion potential in 2205 duplex stainless steel. Therefore, pitting
corrosion resistance declines obvious in this area.
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Figure 7. The polarization curves of 2205 duplex stainless steel aged at different aging temperture for
different aging time:(a) 590 °Cand (b) 650°C.

Table 2 Electrochemical corrosion parameters of 2205 duplex stainless steels aged at different aging
temperture for different aging time. Ecor: corrosion potential; l¢or: corrosion current; b,: anodic

Tafel slope; b.: cathodic Tafel slope.

Aging Temperature Aging time Ecorr leorr ba be
°C h mV Alcm? mV mV
10 -265 7.589E-8 86 106

24 -263 1.585E-7 125 104

590 48 271 5.012E-7 112 118
72 -259 6.309E-7 122 94

96 -291 3.162E-5 102 119

2 -279 2.099E-7 124 114

5 -284 4.853E-8 122 116

650 10 -295 1.114E-7 124 118
18 -318 1.416E-6 88 136

24 -310 1.815E-7 121 120

The polarization curves of experimental stainless steels aged at 650°C for different times are
given in Fig.7(b). The corrosion parameters are also summarized in Table 2. As shown in Fig.2(b) and
Table 2, different lines indicate different time with the same temperture 650 °C(1-2h, 2-5h, 3-10h, 4-
18h, 5-24h). In Fig.7(b), the corrosion potential of the line 1, 2 (about -0.28V) is higher than that of the
line 3 (~-0.3V), 4 (~-0.32V), 5 (~-0.31V). The results show that the pitting corrosion resistance of the



Int. J. Electrochem. Sci., Vol. 10, 2015 9367

samples aged for 10, 18 and 24h is much worse than that of the samples aged for 2, 5h. Compared with
(a), the corrosion potential of the samples processed at 650°C for 10h is roughly equal to that of the
samples processed at 590°C for 96h. It means that with the increasing of aging temperture, the pitting
corrosion resistance decreases more quckly. Combined with TEM images of Figs.4 and 5, it can be
analysed that there is not only R phase precipitated,but also ¢ phase precipitated. Cr and Mo contribute
to the pitting corrosion resistance of DSS by providing a protective passive film on the surface[14].
The amount of Cr and Mo reduces in the area where the ¢ phase is formed, which results in the
thinning thickness of the passive film. The pitting may happen more easily in these areas[18-20].

3.4. The corrosion morphology

Fig.8 shows the microstructure of 2205 duplex stainless steel after electrochemical
measurement. As is shown in Fig.8(a), the pits mainly distribute in the ferrite phase(a phase). With the
aging time increasing, the size of the pits grow up, and the number of the pits also increases. In
contrast, the pit in Fig.8(b) is more than that in Fig.8(a). And the pit grow in the ferrite and a/y
interface boundary.

(@) (b)

Figure 8. Morphology of 2205 DSS samples (aged at different temperture: (a) 590 °C and (b) 650°C)
after electrochemical measurement



Int. J. Electrochem. Sci., Vol. 10, 2015 9368

Fig.9 shows the SEM images of pits formed on the samples aged at 590 °C and 650°C. From
Fig.9(a), the pits nucleate in a/y interface boundary and grow along two phases: o and y phase. Fig.9(b)
reveals the pits nucleate and grow near the intermediate phase which is precipitated from the ferrite
phase. The results state that the intermediate phase precipitated during the aging treatment promotes
the formed of the pits.
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Figure 9. SEM images of 2205 DSS aged at different temperture after anodic polarization
measurement:(a) 590 °Cand (b) 650°C

4. CONCLUSIONS

(1) 2205 duplex stainless steel has a two-phase structure of o+y after solid solution treatment;
Intermediate phase begins to precipitate after aging 48h at 590 °C;, Intermediate phase begins to
precipitate after aging for 5h at 650 °C, The precipitations concentrate in the a phase and the a/y phase
boundary.

(2) Through TEM phase analysis, the precipitations are found to be R phase at aging
temperature of 590°Cwhile R phase and ¢ phase at aging temperature of 650°C.

(3) The pitting resistance of samples is reduced by aging treatment both at aging temperature of
590°C and 650°C. The pits tend to nucleate and grow near the precipitations in the ferrite and o/y phase
boundary.
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