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Abstract: Super duplex stainless steel (SDSS) is used for manufacturing large valves and pipes in offshore 

plants because of its excellent strength and corrosion resistance. Large valves and pipes are manufactured by 

forging after casting, and the outside and inside microstructures are different owing to the difference in the 

cooling rate caused by the thermal conductivity. This microstructural variation causes cracks during solution 

annealing, which breaks the materials. To study toe corrosion resistance of the SDSS forged material, the 

microstructure was conducted based on the difference in the cooling rate between the inside and outside of the 

cast SDSS. To analyze the effects of the secondary phase fraction before solution annealing on the solution and 

corrosion resistance, the corrosion resistance with and without solution annealing was measured using the 

potentiodynamic polarization test and critical temperature test after the precipitation of the secondary phase. 

In the potentiodynamic polarization test, the secondary phase decreased the activation polarization and 

increased the corrosion rate. The critical pitting temperature exhibited the effect of the secondary phase.  

Keywords: Electrochemical properties; Super duplex stainless steel; Secondary phase; Volume fraction of 

secondary phase; Critical pitting temperature 

 

1. Introduction 

Valves and pipes used in offshore plants require high strength and corrosion resistance because 

they are used in seawater [1–3]. Among various materials, super duplex stainless steel (SDSS) is 

suitable for application in offshore plants [4–6]. However, the manufacturing of SDSS is difficult. 

SDSS is a dual phase stainless steel composed of austenite and ferrite, which causes various issues, 

such as high temperature cracking due to phase transformation during high temperature forging [7–

9]. From the high temperature crack analysis, the secondary phase is confirmed to develop within 20 

mm of the interior. And the material has broken by the crack. 

The large casting of SDSS results in a difference in the volume fraction of austenite, ferrite, and 

secondary phase (Sigma, Chi, CrN, and Cr23C6) owing to the difference in the cooling rate between 

the inside and outside, causing various issues [4,5]. When the secondary phase is precipitated inside, 

hot temperature cracking occurs, decreasing the corrosion resistance. Although significant research 

efforts have been devoted to suppress the precipitation of secondary phases, no studies have been 

conducted on the effects of the secondary phase on solution annealing [10–12]. 

Extensive research on the manufacturing of SDSS for welding and heat treatment has also been 

conducted. Nilson and Shin studied is the heat treatment effect on the volume fraction of phased and 

electrochemical properties [4,5,13,14]. The studies investigated the effect of the equilibrium volume 

fraction on the electrochemical properties but did not examine the effect of the secondary phase on 

the solution annealing process. Kose conducted a study on the microstructure and strength of steel 

after laser welding for advanced pipe manufacture [6]. Although many studies on SDSS have been 
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conducted, studies on the effect of secondary phase precipitation on solution annealing have not been 

conducted. 

In this study, the change in the solution annealing characteristics with the volume fraction of the 

secondary phase was electrochemically measured. After heat treatment at 900-1050℃ to precipitate 

the secondary phase, solution annealing was performed at 1100℃. The microstructure under the heat 

treatment conditions was analyzed using field emission scanning microscopy (FE-SEM), and the 

volume fraction of each phase was measured at a magnification of x200. Electron probe micro analysis 

(EPMA) and X-ray diffraction (XRD) were used to confirm the precipitation of the secondary phase. 

The electrochemical properties were measured using potentiodynamic polarization and critical 

pitting temperature (CPT) tests. 

2. Experimental 

2.1. Materials and heat treatmetn 

The SDSS used was SDSS2507, which is commonly used for manufacturing valves and pipes in 

offshore plants. Its components are listed in Table 1. After casting, and cooling, the microstructure 

and composition after heat treatment were examined at four temperature 900-1050℃ (tests were 

conducted for four temperature; 50℃ increments) in increments of 50℃ to confirm the effect of the 

secondary phase on the high termperature cracking and corrosion resistance of SDSS2507 [4,5]. 

Cooling method is water quenching, and the cooling rate is 50℃/s. 

Table 1. Chemical composition of casted SDSS UNS S32750. 

 C N Mn Ni Cr Mo Fe PRE 

SDSS2507 0.01 0.3 0.79 6.8 25.0 3.8 Bal 42 

2.2. Microstructure and volume fraction 

For the experiment, the microstructure was polished with diamond paste. After etching for 1min 

in 5 wt.%KOH electrolyte, it was confirmed using FE-SEM (Hitachi) [13]. The secondary phase was 

confirmed using X-ray diffraction (XRD), and the chemical composition was determined via EPMA 

and EDS after polishing. The chemical composition of nitrogen was calculated according to the 

maximum solution of ferrite it is impossible to analyze the concentration of quantitatively using EDS 

[4–6]. After the secondary phase was precipitated, solution annealing was performed at 1100℃, and 

the microstructure was confirmed using FE-SEM at a resolution of x200. The heat treatment 

conditions are shown Figure 1. The volume fractions of austenite, ferrite, secondary phase was 

evaluated by etched FE-SEM (x200) image analysis. The reported volume fraction analysis results are 

averaged from at least five measurements. 

 

Figure 1. Heat-treatment conditions for examining the precipitation of the secondary phase and the 

effect of solution annealing. 
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2.3. Electrochemical properties 

The electrochemical properties were analyzed using potentiodynamic polarization and CPT 

tests as well as utilizing a potentiometer (Versa STAT, AMETEK, Inc.) and a three-electrode cell. The 

three-electrode cell comprised a working electrode (WE, specimens), reference electrode (RE, 

saturated calomel electrode(SCE)), and counter electrode (CE, Pt mesh, 20 x 20 mm2). Dissolved 

oxygen of electrolyte solution was removerd by bybbling pure N2 gas before test.  

Potentiondynamic polarization tests measure the change in the current with potential, which 

helps to analyze the corrosion behavior. In this study, the material was tested in and electrolyte of 3.5 

wt.% NaCl, and the potential was measured from -0.6 to 1.2 V. The scan rate was set to 0.17 mV/s 

[4,5].  

The CPT test is used to classify duplex stainless steel grades and identify the temperature at 

which the passivation layer breaks down in the electrolyte. The electrolyte used for the CPT 

measurement was 5.85 wt.% NaCl (1mol), and the starting temperature of the test was 1-2℃. The 

increasing rate of temperature was 1℃/min, and the CPT was conducted at a temperature exceeding 

100 ㎂/cm2 for more than 1min. 

2.4. Corrosion morphology 

The morphologies of the corroded samples wer confirmed after the CPT tests. The corrosion 

morphology was confirmed ax x1000 magnification using FE-SEM [14]. 

3. Results and Discussion 

3.1. Microstructure 

Although SDSS is composed of austenite and ferrite, the secondary phase is known to precipitate 

owing to the segregation of Cr at 975℃ [10–12]. To confirm the secondary phase, heat treatment was 

performed from 900 to 1050℃. The temperature dependence of the microstructure is shown in Figure 

2 [4]. The presence of the secondary phase is confirmed via XRD, as shown in Figure 3. Most of the 

secondary phase was identified at 900℃  and formed from 900-1000℃ . The secondary phase 

precipitated at the phase boundary between austenite and ferrite, and EPMA and EDS were used to 

confirm the chemical composition. The chemical composition of the secondary phase presented in 

Figure 4 and Table 2 indicates that the secondary phase has high Cr and Mo (Sigma) contents and 

low Cr and Mo contents (Chi) [15]. The secondary phase appears as a black and white dot because of 

the difference in the surface roughness (no etching); the volume fraction of each phase is shown in 

Figure 5. The austenite fraction was maintained; however , the ferrite fraction changed based on the 

fraction of the secondary phase. The Secondayr phase was identified until 1020℃ and could not be 

identified beyond 1030℃ [13]. 
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Figure 2. SEM images after heat treatment for the precipitation of the secondary phase of SDSS UNS 

S32750: (a)900℃, (b)950℃, (c)1000℃, and (d)1050℃. 

 

Figure 3. XRD patterns with and without the secondary phase (900 and 1050℃) of SDSS UNS 

S32750. 
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Figure 4. EPMA images after the precipitation of the secondary phase after heat treatment at 900℃ of 

SDSS UNS S32750. 

Table 2. Chemical composition of the secondary phase (Sigma & Chi) after heat treatment at 900℃ of 

SDSS UNS S32750. 

Chemical composition (wt.%) Sigma Chi 

Cr 30.1 ± 2.1 22.1 ± 1.5 

Mo 8.8 ± 0.6 2.2 ± 0.1 

Ni 4.6 ± 0.4 9.5 ± 0.3 

Mn 1.1 ± 0.1 1.0 ± 0.1 

Fe Bal Bal 

 

Figure 5. Volume fraction of each phase with respect to the heat-treatment temperature of SDSS UNS 

S32750. 

Solution annealing is performed to optimize the corrosion resistance of stainless; for SDSS, this 

process is generally performed at 1100℃ [16]. The microstructure and volume fraction after solution 
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annealing are shown in Figures 7 and 8, respectively. After solution annealing, the microstructures 

of the four specimens appear similar; however , differences are observed in the volume fraction. 

Autenite represents a case of the solution annealing of a specimen with a high volume fraction of the 

secondary phase [14]. The secondary phase affected the solution annealing process; this confirmed 

that the solution of the alloys influenced the volume fraction. 

 

Figure 6. SEM images after solution annealing at 1100℃ with the volume fraction of the secondary 

phase of SDSS UNS S32750: (a)900-1100℃, (b)950-1100℃, (c)1000-1100℃, and (d)1050-1100℃. 

 

Figure 7. Volume fraction after solution annealing at 1100℃ with volume fraction of secondary phase 

of SDSS UNS S32750. 

Considering the volume fraction and chemical composition, the secondary phase was formed at 

the boundary of austenite and transformed into ferrite because of segregation Cr and Mo into ferrite. 

During solution annealing, the secondary phase transforms into ferrite, as shown Figure 8. Because 

high amounts of Cr and Mo in the secondary phase do not dissolve in austenite but readily dissolves 
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in ferrite, the transformation result in ferrite. This difference of volume fraction on austenite and 

ferrite makes the difference of chemical composition on each phase [4,5,20–22].  

 

Figure 8. Volume fraction with or without solution annealing at 1100℃ of SDSS UNS S32750. 

3.2. Electrochemical properties 

The potentiodynamic polarization test is used to elucidate the corrosion behavior of a material 

by measuring the current density with respect to potential [4,5]. From the potentiodynamic 

polarization test results shown Figure 9 and Table 6, the presence of the secondary phase decreases 

the potential (Ecorr) and increases the current density (Icorr) in the activation polarization. The results 

of the potentiodynamic polarization test confirm that the solution annealing increases the corrosion 

resistance. Solution annealing optimizes the corrosion resistance because it equalizes the pitting 

resistance (PRE, wt.% Cr + 3.3 wt.% Mo + 16 wt.% N) of austenite and ferrite [4].  
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Figure 9. Potentiodynamic polarization curve-potential vs. current density curve in the electrolyte 

comprising 3.5 wt.% NaCl of SDSS UNS S32750: (a) Before solution annealing, and (b) after solution 

annealing. 

Table 6. Major value in potentiodynamic polarization cure (Figure 9) with heat treatment conditions 

of super duplex stainless steel UNS S32750. 

 (a) (b) 

 Ecorr(mV) Icorr(A/cm2) EPit(mV) Ecorr(mV) Icorr(A/cm2) EPit(mV) 

900℃ -150 ± 10  9 x 10-7  990 ± 10 -100 ± 5 1 x 10-7 1020 ± 10 

950℃ -150 ± 10  9 x 10-7 1000 ± 10 -40 ± 5 1 x 10-7 1020 ± 10 

1000℃ -140 ± 10  8 x 10-7 1010 ± 10 -40 ± 5 1 x 10-7 1020 ± 10 

1050℃ -80 ± 10 2 x 10-7 1030 ± 10 -40 ± 5 1 x 10-7 1030 ± 10 

The CPT is used to evaluate the corrosion resistance of duplex stainless steel by comparing the 

temperature at which the passivation layer is destroyed [5,17,18]. The corrosion resistance was 

compared considering the volume fraction of the secondary phase, and the results are shown Figure 

10. The secondary phase is a factor that decrease CPT and influences solution annealing [14]. The CPT 

test shows a difference in the corrosion resistance with PRE because PRE is calculated using the 

chemical composition, which is affected by the elements present in each phase [4]. This relationship 

is related to the volume fraction, and the fractions of austenite and ferrite that are not equalized by 

the secondary phase, which affects the chemical composition and corrosion resistance. 
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Figure 10. CPT curve-time(s) vs. current density (A/cm2), with the heat-treatment condition of SDSS 

UNS S32750: (a) Before and (b) after solution annealing 

Figure 10a shows the effect with volume fraction of secondary phase. The increased volume 

fraction of secondary phase decreased CPT because the secondary phase is pitting site. Also, solution 

annealing shows the increased CPT but that was affected of the secondary phase. Figure 10b shows 

the effect of secondary phase on solution annealing. CPT shows the secondary phase decreased the 

effect of solution annealing. 

The corrosion morphology was confirmed at the location of the electrochemical characterization 

analysis, as shown in Figures 11 and 12 [19]. The secondary phase is the corrosion site that causes 

corrosion in the form of a secondary phase. The pitting after 1050℃ worked on austenite (PRE=41.1) 

because of low PREN than ferrite (PRE=43.6). The chemical composition at 1050℃ shown in Table 7. 

When the volume fraction of austenite to ferrite is equal (1050-1100℃), corrosion occurs at the phase 

boundary between the austenite and ferrite.  
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Figure 11. Corrosion morphology with the heat-treatment temperature for the precipitation of the 

secondary phase of SDSS UNS S32750: (a) 900℃, (b) 950℃, (c) 1000℃, and (d) 1050℃ 

 

Figure 12. Corrosion morphology after the solution annealing of SDSS UNS S3275: (a) 900-1100℃, (b) 

950-1100℃, (c) 1000-1100℃, and (d) 1050-1100℃  

Table 7. Chemical composition of austenite and ferrite after heat treatment at 1050℃ of super duplex 

stainless steel UNS S32750 

Phase Austenite (%) Ferrite (%) 

Chemical 

Composition 

Cr Mo N Fe Cr Mo N Fe 

23.2 3.1 0.48 Bal 26.3 5.0 0.05 Bal 

The secondary phase is the corrosion site owing to the decreased corrosion resistance (Chi, 22 

wt.% Cr and 2.2 wt.% Mo), resulting in the segregation of the alloy [21,22]. To prevent the decrease 

in the corrosion resistance, solution annealing is performed; however, when a secondary phase is 
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precipitated, the volume fraction cannot be equalized even with solution annealing, and the corrosion 

resistance cannot be optimized.  

4. Discussion 

The secondary phase precipitated at the boundary of austenite via the segregation of Cr and Mo. 

Solution annealing is a heat treatment to optimize the corrosion rsistance [4–6]. However, SDSS, in 

which the secondary phase is precipitated, does not have an optimized corrosion resistance [10–12]. 

The secondary phase is transformed into ferrite, and austenite should be transfromed into ferrite [16]. 

However, as a sufficient driving force to realize this transformation does not exist, it remains as 

austenite. When the fraction of austenite was high, the corrosion resistance decreased becaused of 

the low corrosion resistance of austenite. 

The secondary phase reduced the potential and increased the corrosion rate in the activation 

polarization of the potentiodynamic polarizaion curve [4]. After solution annealing, the secondary 

phase was dissolved in feffire: however, the corrosion resistance was not optimized owing to the 

difference in the fraction of austenite and ferrite because of variations in the pitting resistance and 

chemical composition. 

Solution annealing improve the corrosion resistance but does not provide a sufficient driving 

force for dissolving the secondary phase and increasing the ferrite fraction [16]. Therefore, when the 

secondary phase is precipitated, the fraction of ferrite must be increased; therefore, heat treatment at 

a high temperature of up to 1200℃ results in equivalent fractions of austenite and ferrite [5]. When 

the secondary phase is precipitated, the solution annealing treatment should be conducted at a 

temperature higher than the conventional solution annealing temperature (1100℃), and the corrosion 

resistance can be improved. 

5. Conclusions 

By simulating the microstructure of SDSS2507, the secondary phase fraction was precipitated by 

controlling these three types. Solution annealing was performed to solidify the secondary phase, and 

the following conclusions were drawn after analyzing the electrochemical properties using 

potentiodynamic polarization and CPT analysis. 

 

1) The secondary phase precipitated at the austenite boundary and grew into ferrite because of the 

high Cr and Mo content. After solution annealing at 1100℃, the secondary phase dissolved as 

ferrite. Solution annealing optimized the corrosion resistance by rendering the fraction of 

austenite and ferrite as 5:5; however, solution annealing after the precipitation of the secondary 

phased did not result in a phase fraction of 5:5. 

2) The secondary phase is formed by the segregation of Cr and Mo, which reduces the corrosion 

resistance, ad confirmed by the potentiodynamic polarization and CPT analysis. The solution 

annealing after the precipitation of secondary phase fully dissolved the secondary phase but did 

not result in the growth of ferrite or optimization of the corrosion resistance. To improve the 

corrosion resistance by the dissolution of the secondary phase and growth of ferrite, solution 

annealing after precipitation of the secondary phase should be performed at a higher temperature 

than the conventional temperature (1100℃). 

3) SDSS2507 is a manufactured by high temperature forging because it is used in valves and pipes 

in offshore plants. However, owing to the difference in the cooling rate between the inside and 

outside, a secondary phase is formed inside, and hot cracks occur. To stabilize the microstructure 

and improve the corrosion resistance, the solution annealing of SDSS2507 at a temperature higher 

than that of the solution heat treatment can prevent high-temperature cracking. 
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