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This study aims to explore the correlation of critical pitting temperature (CPT) and degree of 

sensitization (DOS) for UNS S32750 duplex stainless steel after being exposed to different heat 

conditions. Both the CPT and DOS are strongly dependent on the microstructure. It is also revealed that 

the pitting resistance heals after prolonging the ageing time, but the degree of sensitization continues to 

increase. 
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1. INTRODUCTION 

Duplex stainless steels (DSS) have excellent mechanical properties and corrosion resistance due 

to their representative two-phase structures and have been widely used in many aspects of production 

and manufacturing, such as nuclear, chemical, marine and petrochemical production [1]. However, 

duplex stainless steel inevitably suffers from heat conditions that lead to precipitation of various 

intermetallic phases and compounds. Accompany the precipitation of these Cr- and Mo-rich phases, Cr- 

and Mo-depleted zones are then produced, which induce the corrosion resistance deterioration of the 

alloy, especially the pitting and intergranular corrosion resistance properties [2].  

Pitting corrosion is a very damaging corrosion type for steel that may cause a major failure in 

industrial applications [3]. It is generally accepted that a medium temperature is one of the most 

important factors in pitting corrosion. Based on this, the concept of a critical pitting temperature was 

introduced by Brigham and Tozer [4]. The CPT test technique, based on recording the function of current 

response and media temperature in the studied system at an applied constant potential, has been widely 

used as an effective method for evaluating the pitting resistance of stainless steel. 

Duplex stainless steels are quite susceptible to intergranular corrosion when they suffer thermal 
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cycling at 500-900 °C [5]. The precipitation of Cr- and Mo-rich phases at the two-phase interface and 

grain boundaries often leads to a generation of Cr-depleted zones that are easily corroded. Many test 

methods has been developed to determine the degree of sensitization or the susceptibility of the material 

to intergranular corrosion, including acid medium immersion test [6], eddy current testing [7], dynamic 

electrochemical impedance spectroscopy (DEIS) [8], electrochemical noise (EN) [9], single loop 

electrochemical potentiokinetic reactivation (SL-EPR) and double loop electrochemical potentiokinetic 

reactivation (DL-EPR) [10,11], etc. Among these methods, DL-EPR analytical method, due to its fast, 

quantitative and independent of the surface finish features, has been widely used to characterize the 

degree of sensitization of stainless steels [12]. 

Duplex stainless steel UNS S32750 as a high alloy concentration (Cr, Mo, N, etc.) super DSS 

possesses outstanding corrosion resistance and remarkable mechanical properties [13,14] and has 

excellent application potential for products under extremely harsh conditions [15]. However, the high 

alloy concentration also means greater precipitation tendencies and more complex precipitation 

mechanisms [16,17]. Despite many previous studies on the effect of phases on the corrosion behaviour 

of DSS, research on the correlation of critical pitting temperature and intergranular corrosion sensitivity 

of steel has rarely been conducted. 

This paper investigates the microstructure evolution and corrosion behaviour of super duplex 

stainless steel UNS S32750 under different thermal cycling conditions. The pitting resistance of the 

materials is investigated by measuring the critical pitting temperature with potentiostatic polarization. 

Double-loop potentiodynamic reactivation (DL-EPR) is used to evaluate the degree of sensitization of 

the materials. The effects of different sensitization treatments on the corrosion behaviour of UNS S32750 

and the relevance between the critical pitting temperature and the degree of sensitization are discussed. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials and heat treatment 

The chemical composition of an as-received hot-rolled UNS S32750 DSS sheet is listed in Table 

1 and is used for all experiments. The stainless steel plates were cut into 12122 mm blocks, annealed 

at 1080 °C for 1 h and then quenched in water to homogenize the structures. The specimens were aged 

at 900 °C for different holding times of 10 min, 30 min, 1 h, 2 h, 4 h, 10 h, 20 h, and 100 h, followed by 

water quenching. Throughout the heat treatment process, protective argon gas was continuously 

supplied. 

 

 

Table 1. Chemical composition (wt.%) of UNS S32750. 

 

Element C Cr Ni Mo P Si Mn N S Cu Fe 

wt.％ 0.022 25.15 6.74 3.43 0.029 0.37 0.70 0.27 0.002 0.13 Bal. 
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2.2 Microstructural characterization 

To identify the phase and precipitate distributions of the heat treatment specimens, they were 

mounted, polished and chemically etched in Behera reagent (20 mL HCl, 80 mL distilled water and 0.3 

g K2S2O5) for 30-40 s at room temperature. A HITACHI S-3400 scanning electron microscope (SEM) 

with an attached GENESIS EDAX detector for energy dispersive spectroscopy (EDS) was applied to 

observe the surface layer of the specimens and the corrosion morphology of the specimens after 

electrochemical experiments. 

In addition, the phase identification was conducted with a D8 Advance Bruker X-ray 

diffractometer (XRD) using a Co Kα radiation source with a scan range of 10 ° < 2θ < 100 °. 

Transmission electron microscopy (TECNAI G2 F20, FEI Inc.) equipped with an X-ray energy 

dispersive spectrometer (EDS) was conducted to identify tiny precipitates. Thin foil for TEM 

observation was cut from heat-treated specimens and further reduced to 50 μm using GATAN PIPS II 

equipment for ion thinning. 

 

2.3 Electrochemical measurements 

All electrochemical tests were performed in a traditional three-electrode electrochemical cell. A 

CHI660E electrochemical workstation was used with the mounted and polished specimens, with an 

exposed region of 1010 mm, as the working electrodes, a platinum foil as the auxiliary electrode and a 

saturated calomel electrode (SCE) as the reference electrode. 

The CPT measurements were carried out in a 1 mol/L NaCl solution. Prior to each measurement, 

the working electrode was cathodically polarized at -0.9 V/SCE for 120 s to eliminate oxides on the 

surface of the specimens, and then the open circuit potential (𝐸𝑂𝐶𝑃 ) was tested until the system was 

stable. Then, an anodic constant potential of 800 mV/SCE was applied, and the solution temperature was 

controlled to increase at a rate of 1  0.1 °C/min until the current density exceeded 100 μA/cm2. The 

temperature associated with a 100 μA/cm2 current density was chosen as the criterion for CPT 

assessment [2]. Half an hour before the test, argon gas is applied to the solution to expel any dissolved 

oxygen, and the argon gas flow continues until completion of the experiment. The testing was repeated 

at least three times to ensure its reproducibility and reliability. 

Double loop electrochemical potentiokinetic reactivation (DL-EPR) was applied to evaluate the 

intergranular corrosion (IGC) susceptibility of duplex stainless steels UNS S32750 [18]. The tests were 

carried out in a mixed solution of 2 M H2SO4 + 1.5 M HCl, and the temperature was controlled to be 35 

 1 °C. The oxidation film of the specimens was removed in the same manner as the CPT test procedure. 

After the system was stable, the potential scan began from slightly below the open circuit potential 

(𝐸𝑂𝐶𝑃 ) to 0.4 VSCE at a scanning rate of 1.5 mV/s with a reverse sweep to the original potential at the 

same sweep rate. The DOS of IGC is defined by the following formula [19]: 

𝑅𝑎 =
𝐼𝑟

𝐼𝑎
× 100 % 

where 𝐼𝑎  is the peak value of the activation current density and 𝐼𝑟  is the peak value of the 

reactivation current density [20]. 
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3. RESULTS AND DISCUSSION 

3.1 Microstructural analysis 

Fig. 1 shows the XRD results of UNS S32750 aged at 900 °C for different times. For the as-

annealed specimens, only diffraction peaks of the ferrite and austenite phase can be found. The 

diffraction peak of precipitates cannot be detected even for specimens aged for 2 h, which is attributed 

to the detection limit of XRD. With an extension of ageing time, the peak strength of the γ phase and σ 

phase gradually increase, while the peak of the α phase continues to weaken, which means a clear 

eutectoid transformation takes place: α → σ + γ2 [21]. After ageing for 100 h, the eutectoid reaction is 

transformed almost completely, and most of the ferrite is transformed into γ2 and σ phases. This 

corresponds to the weak peak of the α phases, the main peaks of the γ and σ phases were strengthened. 

 

 
Figure 1. XRD results of the UNS S32750 specimens aged at 900 °C for various times. 

 

Fig. 2 shows SEM micrographs of the duplex stainless steel UNS S32750 materials isothermally 

aged at 900 °C for different durations. A typical α/γ two-phase structure can be observed for solution 

treated specimens; the α/γ phase boundary is smooth, and no other precipitates emerge, as shown in Fig. 

2(a). After ageing at 900 °C for 10 min, some precipitates emerge at the α/γ phase interfaces, and the 

grain boundaries become coarse (Fig. 2(b)), owing to a low degree of atomic matching and high grain 
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boundary energy. As depicted in Fig. 2(c), when the ageing time is up to 30 min, a small dimension of 

σ phase can be observed. With an extension of ageing time, the σ phase grows up gradually, as shown 

in Fig. 2(d-g). The σ phase forms at crystal boundaries and has a tendency to grow up towards the α 

phase, which can be attributed to the fact that α is a thermodynamically unstable phase at 900 °C. The σ 

phase is chromium-rich and forms a chromium-depleted region adjacent to it; this further promotes the 

formation of γ2, which is poor in chromium and rich in nitrogen [22,23]. The composition gradient of 

the chromium element provides the driving force for this transformation, which further broadens the 

chromium-depleted zones and makes the grain boundary continue to move towards the α phase [24]. As 

shown in Fig. 2(h), the σ and γ2 phases continue to increase and grow up as the ageing time increases, 

while the volume fraction of the α phase continues to decrease. When the ageing time reaches 100 h, 

most of the ferrite phase has transformed, which is difficult to distinguish by SEM (Fig. 2(i)), and this 

result is consistent with the results from the XRD test. 

 

 
 

Figure 2. SEM-BSE micrographs of UNS S32750 specimens aged at 900 °C for (a) 0 min, (b) 10 min, 

(c) 30 min, (d) 1 h, (e) 2 h, (f) 4 h, (g) 10 h, (h) 20 h, and (i) 100 h. 

 

 

To further identify the fine precipitates, TEM tests were carried out, and some precipitates, such 

as nitride (Cr2N), carbides (M23C6), sigma phase (σ) and secondary austenite phases (γ2), were detected. 

Fig. 3(a-c) shows the high-magnification TEM image of precipitates in specimens aged at 900 °C for 10 

h. The calibration diagram of selected area electron diffraction (SAED) corresponding to the precipitates 

is shown in Fig. 3(d). It can be found from the figure that σ phase chromium-rich intermetallic 
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compounds, with a size of approximately several hundred nanometers, are preferentially precipitated at 

the α/γ phase boundary. Furthermore, a concomitant secondary austenite is attached to the primary 

austenite phase and grows towards the direction of the α phase. In addition, the precipitated phases of 

Cr2N and M23C6 can also be observed; though the precipitates originate from the α/γ interface, with the 

formation of the secondary austenite, the new α/γ interface gradually moves in the direction of ferrite. 

The chemical compositions of these precipitates were analysed by EDS, as shown in Fig. 3(e). The 

results show that the σ phase is rich in chromium and molybdenum, and another eutectoid product 

secondary austenite phase is rich in nickel, with less chromium than the primary austenite, which is 

consistent with results found in the literature [25]. 

 

 
 

Figure 3. TEM results of the UNS S32750 specimens aged at 900 °C, and the corresponding selected 

area electron diffraction (SAED) patterns are shown in (d). The EDS spectra of the precipitates 

are shown in (e).  

 

The EDS result of linear scanning along the precipitates is shown in Fig. 4. The chromium 

content of the precipitated phase is obviously higher than that of the α and γ matrix, and the adjacent 

chromium-depleted region is approximately 100-200 nm. The active and unstable Cr-depleted zones are 

more likely to be attacked by chloride ions and preferentially dissolved, resulting in intergranular 

corrosion and pitting corrosion [26].  
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Figure 4. (a) High magnification TEM images of the precipitate in UNS S32750 and (b) the variation 

of Cr content at the marked point in (a). 

 

3.2 Effect of ageing on critical pitting temperature 

According to Zhang et al. [15,27], the potentiostatic critical pitting temperature measurement is 

a method with good reproducibility, sensitivity and efficiency that can be potentially used to evaluate 

the pitting resistance of stainless steel.  

The typical current density versus temperature curves of ageing UNS S32750 are shown in Fig. 

5. It is obvious that after several seconds of response, the current density is stable to approximately 10-

6-10-7 A/cm2, which means the steel is passivated. With the elevation of the electrolyte temperature, some 

unstable peaks appear, indicating the form of metastable pits. A sharp increase in the current density is 

observed as the temperature increased, which means that stable pits are generated. 

It is well known that chloride ions can destroy the passive film on the surface of specimens but 

is accompanied by a self-healing process of the passive film [28]. When the electrolyte temperature is 

low, the self-repairing speed and destruction rate of the passive film can maintain a dynamic equilibrium, 

which makes the system metastable and forms unstable pits, however, the pits will re-passivate quickly. 

With the increase of electrolyte temperature, the self-repairing ability gradually weakens, and the 

destruction speed is much faster than the self-repairing rate; thus, the equilibrium stage is broken and 

the system reaches an accelerated disruption state. The formed pits continue to deepen with inward 

corrosion and form stable pits. At this point, the current density increases sharply [29].  

Table 2 lists the average critical pitting temperatures (CPT) for different ageing times. As shown 

in the table, the CPT value of the as-annealed specimens is the highest because there is no precipitate 

phase and the material has the best corrosion resistance. With the ageing time extended to no longer than 

10 h, the CPT value of the steel continues to decrease. It mainly occurs to the precipitates, especially in 

the σ phase, as discussed in the former part. The σ phase is Cr- and Mo- rich, which leads to a chromium-

deficient area around the σ phase and results in deteriorated corrosion resistance. With the growth of the 

σ phase, the degree of chromium depletion will increase, and the corrosion resistance of the materials 

decreases. Thus, the CPT value for materials decreased with an increase of ageing time of up to 10 h. 

However, after further extending the ageing time, the CPT slightly increased, indicating a healing effect. 
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This is because the Cr-depleted regions near the precipitates are replenished with Cr atoms from the 

matrix [22]. 

 

   

 

 
 

Figure 5. Evaluation of CPT in UNS S32750 with potentiostatic measurements at 900 °C of various 

sensitization times: (1) 0 min, (2) 10 min, (3) 30 min, (4) 1 h, (5) 2 h, (6) 4 h, (7) 10 h, (8) 20 h, 

and (9) 100 h. 

  

 

 

Table 2. Critical pitting temperatures (CPT) of the UNS S32750 specimens aged at 900 °C for various 

times.  

  

Specimen 1 2 3 4 5 6 7 8 9 

CPT (°C) 89.2 72.0 69.0 62.5 58.0 52.5 41.5 44.7 48.0 

 

Fig. 6 indicates the pit morphology of the as-annealed specimens and specimens aged at 900 °C 

for 4 h after the CPT tests. As depicted in Fig. 6(a), the pitting corrosion of the as-annealed specimens 
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occurs not only along the interface but also in the phase interior. As shown in Fig. 6(b-d), the pits, in the 

aged specimens, mainly originate from the α/γ interface and newly produced σ/γ interface. As we 

discussed in the former part, the precipitate induces the chromium- and molybdenum-depleted area 

adjacent to them [30,31]. The lower concentration of Cr leads to the formation of a weak passive film in 

the Cr-depleted zones. Aggressive ions can easily penetrate through the passive film and act as a 

precursor for pit nucleation.  

 

 
 

Figure 6. SEM-BSE pit morphologies on the surface of the specimens after CPT tests: (a) as-annealed 

and (b) aged at 900 °C for 4 h (Figure c and d are local magnifications of the selected areas in 

Figure b). 

 

3.3 Degree of Sensitization (DOS) measurement 

Fig. 7 shows typical DL-EPR curves of duplex stainless steels UNS S32750 after heat treatment 

at 900 °C for different times. The 𝐼𝑎, 𝐼𝑟 and DOS values of different specimens are listed in Table 3. The 

𝑅𝑎 values of the specimens increase with the extension of the ageing time, which means that the degree 

of intergranular corrosion is increasingly aggravated. The solution-annealed specimen did not exhibit a 

reactivation peak, which means that it had not been sensitized. The reactivation current (𝐼𝑟) value of the 

aged specimen increases from 10-4 A/cm2 to 10-2 A/cm2 with increasing ageing time. Although the value 

of the activation current (𝐼𝑎) also indicates a tendency to increase, its increase rate is much slower than 

the 𝐼𝑟 value, hence showing an increasing DOS value. The reactivation peak current of specimens ageing 

for a short time is approximately 10-4 A/cm2. However, 𝐼𝑟  values of up to 10-2 A/cm2 for severely 

sensitized specimens (aged for 10-100 h) are due to attacks on the chromium-depleted zones adjacent to 
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the Cr-rich precipitates. It should be emphasized that 𝐼𝑟 and 𝐼𝑎 did not occur at the same potential, which 

is due to ohmic resistance drop [12]. It is generally known that the susceptibility to IGC of duplex 

stainless steel is controlled by a distribution of alloy elements in each phase [18]. During the formation 

of these precipitates, the elements of Cr and Mo spread from the α phase to the growing σ phase, causing 

a wide range of localized Cr and Mo depletion zones around the σ phase. When the ageing time is 

extended to 100 h, the 𝑅𝑎 value of UNS S32750 specimens increases, and there is no sign of healing.  

 

 
 

 

Figure 7. Typical DL-EPR curves of UNS S32750 aged at 900 °C for various times: (a) 0 min, (b) 10 

min, (c) 30 min, (d) 1 h, (e) 2 h, (f) 4 h, (g) 10 h, (h) 20 h, and (i) 100 h. 

 

 

Table 3. DL-EPR test results of various specimens.  

 

Ageing conditions Activation current 

𝐼𝑎 (A/cm2) 

Reactivation current 

𝐼𝑟  (A/cm2) 

DOS 

R=𝐼𝑟/𝐼𝑎 

As-annealed 0.02594 1.47E-04 0.0057 

900 °C -10 min 0.03777 6.11E-04 0.0162 

900 °C-30 min 0.03807 8.19E-04 0.0215 
00 °C-1 h 0.04026 0.00116 0.0288 

900 °C-2 h 0.04282 0.00237 0.0554 

900 °C-4 h 0.05162 0.00571 0.1106 

900 °C-10 h 0.06165 0.01173 0.1903 

900 °C-20 h 0.08295 0.01904 0.2295 
900 °C-100 h 0.09001 0.02604 0.2893 
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Fig. 8 presents SEM photographs of the IGC attack on duplex stainless steel UNS S32750 after 

heat treatment at 900 °C for different times. Fig. 8(a) shows that there is no sign of intergranular 

corrosion in the as-annealed specimens due to the lack of a Cr-depleted region. In particular, the tendency 

of intergranular corrosion appears in specimens aged for 10 min (𝐼𝑟/𝐼𝑎 =1.62 %). From Fig. 8(b), we can 

observe that phase boundaries are preferential attacks, which means the precipitates begin to generate. 

With the extension of ageing time, a deeper intergranular attack is obvious, as shown in Fig. 8(c-e). In 

addition, for specimens aged 100 h, as shown in Fig. 8(f), it is obvious that an IGC attack on the steel 

was most serious, which is in agreement with the DL-EPR results.  

 

 
 

Figure 8. Typical micrographs after an intergranular corrosion attack on UNS S32750 aged at 900 °C 

for various times: (a) as-annealed, (b) 30 min, (c) 1 h, (d) 10 h, (e) 20 h, and (f) 100 h. 
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3.4 Correlation between DOS and CPT of UNS S32750 

Fig. 9 indicates the correlation between the critical pitting temperature (CPT) and degree of 

sensitization (DOS) versus ageing time of the specimens. It is obvious that the DOS value and the CPT 

value initially increases and decreases, respectively. For specimens aged from 10 min to 1 h, the CPT 

values decrease by approximately 9.5 °C, while DOS increases by only 1.26 %. This is because the σ 

phase produced by short-term ageing induces pitting corrosion, thereby reducing the CPT value. 

However, the quantity of precipitates at this point are very small, and their dimensions are small; thus, 

the affected zones adjacent to the precipitates are small, so the sensitivity towards intergranular corrosion 

is not serious. This is an explanation for the obvious decrease of CPT value during the process of ageing 

for a short-time, while the change of DOS value is not obvious. Nevertheless, by increasing the 

sensitization time from 1 h to 10 h, the CPT values decrease by 21 °C, and the DOS increases from 2.88 

% to 19.03 %. The remarkable change of the CPT and DOS values can contribute to the precipitate 

volume fraction increasing significantly. It should be noted that there is no linear relationship between 

CPT and DOS, as reported by Ebrahimi et al. [32], due to the complex precipitation mechanism; thus, 

the corrosion resistance is not only related to a single precipitate phase. 

 

 

 
 

Figure 9. Correlation between the DOS and CPT of UNS S32750 aged at 900 °C for various times. 

 

 

After extending the ageing time from 10 h to 100 h, the values of DOS continue to increase from 

9.9 % to a maximum. However, the pitting corrosion resistance has an obvious healing phenomenon 

because most of the ferrite has transformed, and the dominant mechanism will be the chromium 
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replenishment effect. Therefore, the pitting resistance is enhanced, which causes the CPT value to 

slightly increase again, and the above results are consistent with Somogyi’s report [33]. However, for 

the DOS evaluation technique, it is affected not only by the weakest area but also by the entire area of 

the specimen. 

 

 

 

4. CONCLUSIONS 

A correlation between the CPT and DOS combined with a microstructure evolution analysis of 

S32750 aged at 900 °C for different durations was investigated. The main conclusions are as follows: 

1. A microstructural analysis of DSS UNS S32750 showed that with increasing aging time, the 

ferrite volume fraction decreased and the precipitate volume fraction increased. The main precipitates 

are σ and Cr2N. The precipitation mechanism is α → σ + γ2 and α → `Cr2N + γ2. 

2. The results demonstrated that both the CPT and DOS are strongly dependent on the 

microstructure.  

3. A significant deterioration of pitting corrosion resistance was found after ageing for 10 min, 

but intergranular corrosion sensitivity increased slightly after short-term ageing. 

4. With a prolonged ageing time of 100 h, the pitting resistance was healed, but the degree of 

sensitization (DOS) continued to increase. 
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