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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Austenitic-ferritic stainless steels combine the favorable properties of ferrite and austenite, showing both high mechanical 
properties and very good corrosion resistance. These steels are characterized by the precipitation of many secondary phases, 
carbides and nitrides for tempering temperatures between 200 and 1050°C. This phenomenon implies a high susceptibility to 
localized corrosion, however better than austenitic and ferritic grades. In this work, the susceptibility to intergranular corrosion in 
of two duplex stainless steel characterized by analogous ferrite/austenite volume fraction was investigated. A “standard” duplex 
stainless steel SAF 2205 and a “super” duplex stainless steel SAF 2507 were investigated by means of potentiostatic reactivations 
tests. In addition, chronoamperometric tests and light optical  microscope observations of the specimens surfaces were performed 
in order to analyze the evolution of the corrosion morphologies. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of IGF Ex-Co. 
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1. Introduction 

Because of their austenitic-ferritic microstructure, duplex stainless steels offer a good combination of mechanical 
properties and corrosion resistance compared to standard austenitic grades, Gunn (1997). They are widely used in 
chemical, petrochemical, fertilizer, nuclear and cellulose industries.  

 

 
* Corresponding author. Tel.: +39.07762993681. 

E-mail address: iacoviello@unicas.it 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2017) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of IGF Ex-Co.  

XXIV Italian Group of Fracture Conference, 1-3 March 2017, Urbino, Italy 

Integranular corrosion susceptibility analysis in austeno-ferritic 
(duplex) stainless steels 

Francesco Iacoviello*, Vittorio Di Cocco, Laura D’Agostino 
Università di Cassino e del Lazio Meridionale, DICeM, via G. Di Biasio 43, 03043 Cassino (FR), Italy 

 

Abstract 

Austenitic-ferritic stainless steels combine the favorable properties of ferrite and austenite, showing both high mechanical 
properties and very good corrosion resistance. These steels are characterized by the precipitation of many secondary phases, 
carbides and nitrides for tempering temperatures between 200 and 1050°C. This phenomenon implies a high susceptibility to 
localized corrosion, however better than austenitic and ferritic grades. In this work, the susceptibility to intergranular corrosion in 
of two duplex stainless steel characterized by analogous ferrite/austenite volume fraction was investigated. A “standard” duplex 
stainless steel SAF 2205 and a “super” duplex stainless steel SAF 2507 were investigated by means of potentiostatic reactivations 
tests. In addition, chronoamperometric tests and light optical  microscope observations of the specimens surfaces were performed 
in order to analyze the evolution of the corrosion morphologies. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of IGF Ex-Co. 

Keywords: Duplex Stainless Steels; Intergranular corrosion; DL-EPR test. 

1. Introduction 

Because of their austenitic-ferritic microstructure, duplex stainless steels offer a good combination of mechanical 
properties and corrosion resistance compared to standard austenitic grades, Gunn (1997). They are widely used in 
chemical, petrochemical, fertilizer, nuclear and cellulose industries.  

 

 
* Corresponding author. Tel.: +39.07762993681. 

E-mail address: iacoviello@unicas.it 

2 Author name / Structural Integrity Procedia  00 (2017) 000–000 

These steels solidify liquid + ferritic field and it is during cooling of the solid that a partial ferrite transformation 
into austenite takes place. The amount of austenite and ferrite phases depends on chemical composition and cooling 
rate, Brandi (1997). The best combination of mechanical properties and corrosion resistance is obtained with a 
/volume ratio near to 1. Duplex stainless steels are characterized by many microstructure modifications (Fig. 1). 

 

 

Fig. 1. Austenitic-ferritic stainless steels: T.T.T (Transformation–Time–Temperature) diagram. 

Above 1050°C, austenite transforms into ferrite. This ferritisation process implies a modification both in volume 
fraction and in partition coefficients, with an increasing of interstitial elements content (e.g. hydrogen and nitrogen) 
in ferrite grains. Below 1050°C, duplex stainless steels show two different critical temperature ranges.  

In the 600-1050°C range many carbides, nitrides, intermetallic and secondary phases could precipitate. Carbides 
M7C3 (between 950 and 1050°C), carbides M23C6 (between 600 and 950°C), nitrides (, CrN, Cr2N), intermetallic 
phases (, , R) and secondary austenite 2 precipitate in ferrite grains or in  or  grain boundaries, Josefsson 
(1991). This precipitation implies a strong mechanical properties modification and an evident fatigue crack 
propagation resistance decreasing, Iacoviello (1997) and Iacoviello (1999). 

In the temperature range between about 350 and 600 °C, the spinodal decomposition of ferrite grains and a fcc G 
phase precipitation at  grain boundaries take place, Iacoviello (2005). G phase particles are characterized by a 
composition that varies according to the steel and to the ageing conditions, with the overall concentration of 
Ni+Si+Mo+Mn+Al that increase from 40 to 60% between 1000 and 30000 h at 350°C [10]. 

In this work, two duplex stainless steels (a 22Cr 5 Ni and a 25 Cr 7 Ni) with analogous ferrite and austenite 
volume fractions were considered and their susceptibility to the intergranular corrosion was investigated after 
sensitization at 800°C by means of DL-EPR tests, chronoamperometric tests and light optical microscope specimens 
surface observations. 

2. Investigated steels and experimental procedures 

The investigated duplex stainless steels chemical composition and tensile properties are shown in Tabs. 1 and 2.  
 

Table 1. 22 Cr 5 Ni (%ferrite = %austenite = 50) chemical composition and tensile properties. 
 

C Si Mn P S Cr Ni Mo N 
0.019 0.39 1.51 0.022 0.002 22.45 5.50 3.12 0.169 

YS [MPa] UTS [MPa] A% 
565 827 35 
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Table 2. 25 Cr 7 Ni (%ferrite = %austenite = 50) chemical composition and tensile properties. 
 

C Si Mn P S Cr Ni Mo N 
0.019 0.33 0.80 0.020 0.001 24.80 6.80 3.90 0.30 

Rp02 [MPa] Rm [MPa] A% 
556 814 31 

 

It is worth to note that both investigated stainless steels are characterized by the same C content and by analogous 
ferrite and austenite volume fractions. Both stainless steels were sensitized at 800°C for 1, 3, 10 and 100 hours (the 
most critical temperature, considering the mechanical properties evolution). The microstructure evolution due to 
these sensitization treatments is shown in Figs. 2 and 3 (Scanning Electron Microscope, SEM, observations). 

 

    
800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 2: Duplex stainless steel 22 Cr 5 Ni: microstructure evolution at 800°C. 

 

    
800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 3: Superduplex stainless steel 25 Cr 7 Ni: microstructure evolution at 800°C. 

Duplex 2205 steel is characterized by the ferrite decomposition according to the eutectoid reaction  →  + , with 
the precipitation of  phase and secondary austenite already after 1 hour at 800°C. Also carbides precipate but, after 
three hours at 800°C they are no more evident. 
After 1 hour at 800°C, superduplex 2507 shows only the carbides precipitation (mainly at  but also at grain 
boundaries. Longer treatments at 800°C shows the ferrite grains decomposition according to the to the eutectoid 
reaction  →  + . After three hours at 800°C, carbides at grains boundaires are still evident, but, after ten hours at 
800°C, carbides are no more evident.  
Sensitization susceptibility was investigated by means of Double Loop Electrochemical Reactivation Test (DL-EPR 
test), Cihal (2001). It allows to perform measurements both in laboratory conditions and in situ, and, compared to 
the conventional corrosion test, EPR test is quicker, more sensitive and more accurate, especially investigating low 
sensitized conditions. Two different EPR procedures are usually followed: single loop test (SL-EPR) and double 
loop test (EPR-DL). In SL-EPR tests, a potential scan from the passive range to open circuit potential is followed. 
Instead, in DL-EPR tests a cyclic polarization curve is applied on a metallographically prepared specimen: the 
polarization curve consists in a forward scan followed by a reverse scan starting at the active open circuit potential 
(Fig. 4). This procedure is standardized for AISI 304 and 304L, ASTM G108 (2015). Considering the DL-EPR test, 
the sensitization degree of a stainless steel can be evaluated considering the ratio between the area of the reactivation 
stage and the area of the activation stage (e.g, QR/QP). 

DL-EPR tests were performed according to the following procedure: 
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- after being sensitized, specimens with a surface of 1 cm2 were metallographically prepared; 
- a 0.5 M H2SO4 + 0.01 KSCN aqueous solution was considered, Iacoviello (1997). Bubbling argon was used 

to stir the solution and ensure an oxygen-free electrolyte; 
- Before polarizing the samples, the open circuit potential was measured for 2 min. 
- Investigated potential range: -500 mV/SCE - +200 mV/SCE (Sweep rate: 50 mV/min). 
In order to control results repeability, DL-EPR tests were repeated five times (confirming the very high 

repeability of the results obtained with DL-EPR testing procedure). 
Corresponding to some electrochemical conditions (defined on the basis of the results of the DL-EPR tests) some 

chronoamperometric tests were performed and the specimens surfaces were observed by means of a SEM. 
 

 

Fig. 4. (a) SL-EPR test; (b) DL-EPR test. 

3. Experimental results and discussion 

Both 2205 and 2507 activation curves (Fig. 5 and 6 left) are characterized by a double peak due to their duplex 
microstructure, with the maximum current density that increases with the sensitization duration. Both investigated 
steels show very low reactivation curves: as a consequence, in both cases it is necessary a second diagram with a 
different current density axis (Fig. 5 an Fig. 6, on the right).  

 

 

Fig. 5: Duplex 2205. DL-EPR tests results: activation curves (left); reactivation curves (right). 
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Fig. 6: Duplex 2507. DL-EPR tests results: activation curves (left); reactivation curves (right). 

In 2205, the current density peaks of the reactivation curves increase with the sensitization process duration up to 
10 hours. For longer sensitization process (100 hours), the current density peak decrease. This can be connected to 
the microstructure evolution and with the carbides dissolution for longer sensitization processes. 

A careful observation of the activation curves of the 2507 stainless steel show some additional activation peaks 
that are more evident for longer sensitization processes (due to the long list of secondary phases and nitrides that 
precipitate at high temperature, Fig. 1). The reactivation curves are characterized by an increase of the reactivation 
peak up to 3 hours, with longer sensitization duration (100 h) that show a peak that is analogous to the peak obtained 
after 3 hours.  

Analyzing the evolution of the sensitization peaks with the sensitization time, the superduplex 2507 steel is 
characterized by higher values of the QR/QP ratio, especially for longer sensitization times. This is probably due to  
the chemical composition influence on the TTT diagram and to consequent shorter incubation times for the 
precipitation of carbides, nitrides and secondary phases. 

 

Fig. 7.  Sensitizing index QR/QP evolution with the 800°C sensitizing treatment for the two investigated stainless steels. 

The results of chronoamperometric tests performed at -190 mV/SCE are shown in Fig. 8 and 9, respectively for 
the 2205 and for the 2507 stainless steel. 
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800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 8: Duplex stainless steel 22 Cr 5 Ni: corrosion morphology evolution after a chronoamperometric test at -190 mV/SCE for different 800°C 
sensitization times. 

 

    
800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 9: Superduplex stainless steel 25 Cr 7 Ni: corrosion morphology evolution after a chronoamperometric test at -190 mV/SCE for different 
800°C sensitization times. 

Both investigated stainless steels are characterized by the superposition of two localised corrosion phenomena, at 
least: 

- Intergranular corrosion, that is already evident after an 800°C sensitization process of one hour; 
- a selective attack of the ferritic grains that, at 800°C, decompose according to the reaction  →  + . This 

corrosion attack morphology is more and more evident with the sensitization time. 
The different precipitation kinetics, due to the different chemical compositions, are the responsible of the different 
susceptibility to the localised corrosion (both intergranular and selective attacks). Although the investigated steels 
are characterized by the same C content, the superduplex 2507 stainless steels seems to be more susceptible to 
localized corrosion processes if compared to the “standard”. 2207 steel. It is evident that, considering the duplex 
stainless steels and the peculiar chemical composition influence on TTT curves, the sensitization index QR/QP can be 
considered as characterizing the intergranular corrosion process only as a first approximation, being influenced by 
the other localized corrosion mechanisms that can occur at the same potentials that characterize the intergranular 
phenomenon. 

4. Conclusion 

In this work, the sensitization susceptibility of two austeno-ferritic(duplex) stainless steels (a “standard” SAF 
2205 and a “super” duplex SAF 2507)) was investigated by means of Double Loop – Electrochemical reactivation 
tests and Chronoamperometric tests followed by a light optical microscope observations of the specimens surfaces. 
According to the obtained results, it is possible to summarize the following conclusions: 

- being the carbides and ferrite grains decomposition influenced by the steel chemical composition (with 
incubation times that decrease with the increase of the alloying elements), also the localized corrosion 
processes in duplex stainless steels are influenced by the chemical composition: superduplex stainless steel 
2507 seems to be more susceptible to localized corrosion attack (both intergranular and selective 
corrosion)than the “standard” 2205 stainless steel. 
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Fig. 6: Duplex 2507. DL-EPR tests results: activation curves (left); reactivation curves (right). 
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the microstructure evolution and with the carbides dissolution for longer sensitization processes. 

A careful observation of the activation curves of the 2507 stainless steel show some additional activation peaks 
that are more evident for longer sensitization processes (due to the long list of secondary phases and nitrides that 
precipitate at high temperature, Fig. 1). The reactivation curves are characterized by an increase of the reactivation 
peak up to 3 hours, with longer sensitization duration (100 h) that show a peak that is analogous to the peak obtained 
after 3 hours.  

Analyzing the evolution of the sensitization peaks with the sensitization time, the superduplex 2507 steel is 
characterized by higher values of the QR/QP ratio, especially for longer sensitization times. This is probably due to  
the chemical composition influence on the TTT diagram and to consequent shorter incubation times for the 
precipitation of carbides, nitrides and secondary phases. 

 

Fig. 7.  Sensitizing index QR/QP evolution with the 800°C sensitizing treatment for the two investigated stainless steels. 

The results of chronoamperometric tests performed at -190 mV/SCE are shown in Fig. 8 and 9, respectively for 
the 2205 and for the 2507 stainless steel. 
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800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 8: Duplex stainless steel 22 Cr 5 Ni: corrosion morphology evolution after a chronoamperometric test at -190 mV/SCE for different 800°C 
sensitization times. 

 

    
800°C - 1h 800°C – 3h 800°C – 10h 800°C – 100h 

Fig. 9: Superduplex stainless steel 25 Cr 7 Ni: corrosion morphology evolution after a chronoamperometric test at -190 mV/SCE for different 
800°C sensitization times. 

Both investigated stainless steels are characterized by the superposition of two localised corrosion phenomena, at 
least: 

- Intergranular corrosion, that is already evident after an 800°C sensitization process of one hour; 
- a selective attack of the ferritic grains that, at 800°C, decompose according to the reaction  →  + . This 

corrosion attack morphology is more and more evident with the sensitization time. 
The different precipitation kinetics, due to the different chemical compositions, are the responsible of the different 
susceptibility to the localised corrosion (both intergranular and selective attacks). Although the investigated steels 
are characterized by the same C content, the superduplex 2507 stainless steels seems to be more susceptible to 
localized corrosion processes if compared to the “standard”. 2207 steel. It is evident that, considering the duplex 
stainless steels and the peculiar chemical composition influence on TTT curves, the sensitization index QR/QP can be 
considered as characterizing the intergranular corrosion process only as a first approximation, being influenced by 
the other localized corrosion mechanisms that can occur at the same potentials that characterize the intergranular 
phenomenon. 

4. Conclusion 

In this work, the sensitization susceptibility of two austeno-ferritic(duplex) stainless steels (a “standard” SAF 
2205 and a “super” duplex SAF 2507)) was investigated by means of Double Loop – Electrochemical reactivation 
tests and Chronoamperometric tests followed by a light optical microscope observations of the specimens surfaces. 
According to the obtained results, it is possible to summarize the following conclusions: 

- being the carbides and ferrite grains decomposition influenced by the steel chemical composition (with 
incubation times that decrease with the increase of the alloying elements), also the localized corrosion 
processes in duplex stainless steels are influenced by the chemical composition: superduplex stainless steel 
2507 seems to be more susceptible to localized corrosion attack (both intergranular and selective 
corrosion)than the “standard” 2205 stainless steel. 
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- for the investigated sensitization temperature (800°C) and all the sensitizations times, the intergranular 
corrosion attack occurs at the same time of the selective attack of the ferritic grains, being this superposition 
more and more evident with the increase of the sensitization time; 

- DL-EPR test does not seem to be the best procedure to characterize the intergranular corrosion susceptibility 
in a steel when a second localized corrosion attack (e.g., ferritic grains selective attack) occurs at the same 
time. 
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