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Duplex stainless steel are used extensively for both strength and corrosion performance, but owing to 

its complex dual phase structure, there will be a variety of precipitation phases in the procedure of 

thermal process. In the present paper, the precipitation evolution and corrosion behavior of SAF2205 

isothermal aged at 650 °C for various aging times up to 100 h was investigated. The microstructure 

evolution showed that with the increased of aging time, some chromium-rich intermetallic phase will 

precipitation and increased yet. The precipitation included intermetallic (σ, R, τ, χ), carbide and nitride 

(Cr2N and M23C6). DL-EPR test show a good relationship between microstructure and selective 

corrosion resistance. Simultaneously, on the basis of the EIS measurements the charge transfer 

resistance and interface adsorption time was obtained and both of which are decreased accompany the 

increasing of the aging time. The selective corrosion is associated with the chromium and molybdenum 

depleted zones formed around the precipitates during aging.  
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1. INTRODUCTION 

Duplex stainless steel (DSS), constituted by ferrite(α)-austenite(γ) dual phase microstructure, 

are suitable for various applications because of their attractive combination of mechanical and 

corrosion performance [1, 2]. Generally, approximate equal contents of the two phases, balanced 

distribution of element of the two phases and a secondary-phase free microstructure are important for 

the good properties [3-6]. However, during the manufacture and application of DSS, the alloy is 

inevitable to expose at various thermal cycle, then precipitation of detrimental phases, such as 

intermetallic phases (σ, χ), carbides, nitrides, is unavoidable [7, 8]. The precipitation of intermetallic 
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phases is usually associated with some key alloying elements depleted, such as chromium, 

molybdenum, and nitrogen, leading loss of toughness and corrosion resistance [9-13].  

Several researchers investigated the corrosion resistance of the steel about the precipitate nose 

temperature [14, 15] and 475 °C brittle temperature [16, 17]. And some authors have reported that the 

selective corrosion behavior of DSS is due to the precipitation of intermetallic phases that led to the 

regional depletion of chromium and/or molybdenum [5, 18]. However, the discussion about 

precipitation and corrosion properties for DSS isothermal aging at 650 °C is limited.  

Double loop electrochemical potentiokinetic reactivation method (DL-EPR) as a fast, non-

destructive and accurate intergranular evaluate way, has been successfully utilized to quantify the 

degree of sensitization by a lot of authors [15, 19]. EIS (Electrochemical impedance spectroscopy) is 

another useful way to get the information of the intergranular corrosion susceptibility of DSS, and can 

offer further information about the obtained electrode structure and interface course [20, 21]. 

In the present paper, an attempt is to research the microstructure evolution and evaluate the 

selective corrosion behavior of SAF2205 aged at 650 °C for different aging times, up to 100h. 

Correspondingly, the effects of heat treatments on microstructure and corrosion properties of SAF2205 

were studied. 

 

2. EXPERIMENTAL 

2.1. Heat treatment and preparation of specimens  

The studied alloy was cut from a sheet of commercial standard SAF2205 duplex stainless steel, 

with the element compositions is listed in Table 1. In order to homogenization, the hot-rolled steel was 

solution annealed at 1050 °C in argon atmosphere for 2 h, and then quenched in water. Then these 

specimens isothermal aging at 650 °C for 0 h (solid solution specimens), 0.5h, 2h, 8h, 32h, 100h, 

respectively, also protected by argon atmosphere, followed by water quench.  

 

Table 1. Chemical composition of the studied SAF2205 

 

Element Cr Ni Mo N Mn C Si S P Cu 

Wt.% 22.46 5.39 3.11 0.18 1.57 0.016 0.43 0.002 0.03 0.25 

 

The specimens waiting for electrochemical test were mounted with epoxy resin, leaving an 

exposed surface of 1.0 cm
2
 to the electrolyte. The exposed end was wet ground to 1500 grit and 

polished by diamond pastes down to 1.5μm, rinsed in ethanol and deionized water prior to the 

experiment. 

 

2.2. Microstructure characterization 

The phase constituents and microstructure of the solution and aging specimens were monitored 

using scan electron microscope (SEM Phillips XL30 FEG). The metallographic of the aging specimens 
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were revealed by electrolytic etching in a 10 wt. % oxalic acid solution for 10 s with 2V applied 

voltage at ambient temperature, then etching in 30 wt. % KOH solution at 2V for 10 s. In order to 

clearly distinguish the secondary phases, the specimen aging at 650 °C for 32h was analyzed using 

transmission electron microscope (TEM) (Philips CM20) equipped with a GE twin energy dispersive 

X-ray (EDX) at 200kV.  

 

2.3. Electrochemical measurements 

Electrochemical experiment were performed with three-electrode system, the prepared DSS 

specimen is working electrode, a platinum foil as auxiliary and a saturated calomel electrode (SCE) 

were used as reference electrode. Princeton equipment (PARSTAT2273) is used in these experiment.  

An optimized double loop electrochemical potentiokinetic reaction (DL-EPR) test method (test 

solution of 2M H2SO4+0. 5MNaCl+0.01MKSCN at 30±1 °C) was applied to evaluate the degree of 

intergranular corrosion susceptibility of SAF2205. The specimen was polarized anodically from 

−0.40V (a little lower than the corrosion potential) to 0.30V (in the passive area) at the scan speed of 

1.667mV/s. Then, the scan was reversed at the same rate until original potential. The current was 

measured throughout the test, the sensitization intensity was evaluated from the ar II /  ratio, where aI  

is the peak current of the anodic scan and rI  is the peak current in the reversed scan.  

The impedance data were collected at the corroding potential over a frequency range between 

100 kHz and 10 mHz with the applied AC amplitude of 10 mV. The data was interpreted on the basis 

of equivalent electrical circuits using ZSimpWin software for fitting the experimental data.  

 

 

3. RESULT AND DISCUSSION 

3.1. Microstructure observation 

Fig. 1 shows the SEM morphology of the specimen aging at various times. For the solid 

solution condition specimens (Fig.1a), both the austenite (light grey) and ferrite (dark grey) are 

rearranged along the direction of rolling, and no precipitation can be found in α/γ interface and α/α 

grain boundary, the interface is thin and clear. Though no obvious precipitated phase can be found in 

the specimens aged for 30min, but the α/γ interfaces become thick and unclear, as shown in Fig.1b. 

With increased the aging time, precipitation phase is observed along the α/γ interface and α/α grain 

boundary, and the precipitates and size increased with prolonged the aging time, see Fig.1c-Fig.1e. 

When the aging time reached 100h, there are a large amount precipitates in ferrite as represented at 

Fig.1f. 

The thermodynamic equilibrium phase of SAF2205 calculated by Thermo-Calc software is 

presented in Fig.2. According to the phase diagram, for equilibrium condition at 650 °C, the equibrium 

phase mainly consists of α, γ, σ and fewer Cr2N and M23C6. 
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Figure 1. SEM images of SAF2205 aging at 650 °C for various times. a) 0h(as solution annealed ) 

b)0.5h, c)2h, d)8h, e)32h, f)100h. 

 

Because of the technical limitations, SEM, XRD and other technologies are not able to identify 

the low content phase, in order to better characterize relatively small precipitate phase, TEM is applied 

to analysis the sample aged at 32h. As shown in Fig.3, intermetallic compound χ and σ main along the 

α/γ interface and σ with a larger size, R and τ mainly distributed in ferrite phase, R with larger scale 

and τ shown as flake. As thermodynamic equilibrium phase shown, R, τ, χ were not equilibrium phase, 

some researcher found prolonged the aging time, χ and R phase will transfer to σ phase[1, 22]. In 

addition, Cr2N and M23C6 with small size can be found in ferrite and at α/γ interfaces. Remarkably, 

along with the precipitation of these phases, and secondary austenite(γ2) precipitate synchronously, the 

generation mechanism main is α→σ+γ2 and α→M23C6+γ2 .Table 2 show the EDX analysis of the 

average composition of several important element(wt. %) for the main phases in SAF2205 aged at 650 
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°C for 32h. As these chromium-rich precipitates, induce chromium-depletion area appeared around the 

precipitation. 

 

 
Figure 2. Equilibrium phase fractions in duplex stainless steel 2205 versus temperature by Thermo-

Calc software thermodynamic calculation 

 

 

Figure 3. (a) TEM micrographs, (b) Electron diffraction pattern of secondary phases for SAF2205 

specimens aged at 650 °C for 32h 
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Table 2. EDX analysis of the average composition of several important elements (wt. %) for the main 

phases in SAF2205 aged at 650 °C for 32h 

 

 

3.2. DL-EPR result 

The typical DL-EPR curves of SAF2205 aged at 650 °C for different time were shown in 

Figure 4. All of the DL-EPR curves have obvious passivation area, although some researchers 

considered that the maximum current density of anodic scanning ( aI ) was independent of aging 

treatment time [23]. But in the present work, aI  value gradually increased with aging time, the aI  of 

solid solution specimens are 10.98mA·cm
-2

, but for specimens aged at 650 °C for 100h, the aI  value is 

up to 59.36 mA·cm
-2

. With the aging time extended, the chromium depleted zone increases, and the 

corrosion degree of the material is increased, and the corresponding current density will be increased. 

 

 
Figure 4.  Typical DL-EPR test curves for SAF 2205 isothermal aged for various times (a)0h, (b) 

8h,(c)32h. (test solution 2M H2SO4+0.5 M NaCl+0.01 M KSCN, solution temperature 30±1 

°C, scan rate 1.667mV/s) 

Phase Fe Cr Ni Mo Mn 

Ferrite (α) 62.8 24.5 2.9 4.9 1.6 

Austenite (γ) 65.4 22.1 7.8 3.3 2.1 

Secondary Austenite  (γ2) 65.0 17.2 8.1 3.2 2.2 

Sigma (σ) 56.7 30.2 2.7 12.5 2.1 
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For non-sensitized treatment samples, no current peak ( rI ) appears in reverse scan period, as 

illustrated in Fig.4a, which indicates that under the test conditions, the samples almost does not occur 

to intergranular corrosion; when the samples were sensitized to 8h, there is a high reverse scan peak rI  

(Fig.4b), imply that the sample become sensitive to intergranular corrosion after aging for 8h; the DL-

EPR curve has two obvious peaks in Figure 4c. Wu et al. [24] suggested that the positive potential 

peak corresponds to the intergranular corrosion current and negative potential peak is from the pitting 

corrosion of the matrix, it mean that the corrosion mechanism evolve from intergranular corrosion to 

general corrosion.  

 

 
 

Figure 5. Reactivation rate (Ra) as a function of aging time 

 

 
 

Figure 6. Optical micrographs of SAF2205 aged at 650 °C for various time after DL-EPR test (a)0h, 

(b)0.5h,(c) 2h,(d)8h,(e)32h,(f)100h 
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In addition, the maximum current density of anode scanning and cathode reverse scan stage is 

not in the same voltage, the peak potential of aI  is 30-50mV higher than rI  peaks. This is due to the 

differential form of ohm impedance. The reactivation rate ( aR ) versus aging time is illustrated in Fig.5, 

it can be found that the Ra increased with prolong of the sensitization time, which indicates that the 

chromium-depletion area is increased too. The passivation film of the chromium depleted zone is very 

unstable, so in the scan back stage, easier to be destroyed, leading to very high current of reactivation. 

This also indirectly shows that with increasing sensitization time, the precipitation of chromium rich 

phase increased. 

Figure 6 shows the microscopic morphology of the samples after DL-EPR test. For solid 

solution specimens, there is no obvious intergranular corrosion mark, see Figure 6a. After the 

sensitization of 0.5h, there was obvious intergranular corrosion trace in the ferrite and α/γ phase 

boundary. When the aging time is prolonged, the intergranular corrosion phenomenon is obvious, see 

Figure 6 (b) - (e), when the aging time continues to increase to 100h, there is a uniform corrosion 

phenomenon, the majority of ferrite surface is corroded. As showed in the previous analysis, 

chromium-rich and chromium-depletion area appeared together, and for a poor chromium phase, due 

to the relatively low Cr content cannot form a layer of very good protecting chromium oxide film, is 

likely to decrease the corrosion performance of the zone.  

 

3.3. Electrochemical impedance spectroscopy  

 
Figure 7. Typical Nyquist curve for SAF2205 aged at 650 °C for various time (test solution 2 M 

H2SO4+0.5 M NaCl+0.01 M KSCN, 30±1 °C), Rs represents the solution resistance, CPE is for 

constant phase element, Rct indicates charge transfer resistance, Rads is for adsorption 

corrosion intermediate impedance, inductance is L  
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The typical electrochemical impedance spectroscopy of specimens aging at different time in 

shown in Fig.7a, the equivalent circuit is shown in Fig.7b. As can be seen, the Nyquist diagram of all 

the specimens with similar shape: at high frequencies is a slightly flattened semicircle, it shown an 

inductive loop at low frequencies. The capacitive arc radius is relation with the charge transfer 

resistance and the electric double layer on the metal surface [25]. Deviation from perfect semicircle is 

usually considered as the etching surface rough and uneven. Besides, the surface geometrical feature 

could affect the current density distribution during the chemical reactions [26,27], which may also 

influences the corrosion rate. 

 
Figure 8. Curve of Rct versus and Intermediate adsorption process versus aging time 

 

The ctR value versus aging time curve is shown in Fig.8. It should be emphasized that ctR  

contains two parts, namely, the chromium molybdenum depleted region and the rest of the region. In 

the process of selective corrosion, the resistance of the chromium and molybdenum depletion region is 

much lower than the rest of the region. Therefore, the ctR value is mainly determined by the resistance 

of the chromium molybdenum depletion region. As the charge transfer resistance decreases gradually 

with the aging time, which shows that the area of poor chromium increases gradually with the prolong 

of the aging time. 

Generally, the dissolution of the iron including the following steps: 
-

ad

* -* e)e(eFe ＋＋ OHFFeOHF 
                  

1）  
-

ad ee)e( ＋ OHFOHF                    2）   

 -2)e(e OHOHFOHF ＋                           3）  
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The first step is ad-atom formation process, *eFeF and  -OH  act as  catalyst, the hydroxyl ion 

stability of a one-valent adsorbed atom of iron, where ad)e( OHF  is the most important in the all 

possible intermediate products [28].  

Arutunow reported that the adsorption rate of the intermediate products can be characterized by 

the  adsRL /1
 
[20], the adsorption rate of the intermediate products for different aging time is shown 

on Fig.8 too. Along with the prolong of isothermal aging time, the adsorption rate of the intermediate 

products increased gradually. These results are consistent with  DL-EPR test results. 

 

4. CONCLUSION 

(1) SAF 2205 alloy aging treatment at 650 °C, precipitates are mainly R,σ, τ, x, M23C6 and 

Cr2N, meanwhile, a large amount of γ2 generated. The selective corrosion is mainly caused by 

precipitates surrounding chromium depleted zone. 

(2) Prolong of the aging time, the intergranular corrosion sensitivity of the steel increased, and 

the corrosion type transfer from intergranular corrosion to uniform corrosion. 

(3) Both DL-EPR and EIS can be used to estimate the intergranular corrosion properties of 

materials, DL-EPR can reflect the degree of intergranular corrosion, EIS result can provide the 

interface adsorption, charge transfer resistance and other information. 
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