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Duplex and super duplex stainless steels 
(DSS and SDSS, respectively) are steels 
composed of a two-phase ferritic-
austenitic microstructure, the components 
of which are both stainless.

J. Charles "Super duplex stainless steels: structure and properties" In: Duplex Stainless Steels '91 

(Beaune, France: Proceedings. Les Éditions de Physique Les Ulis, 1991), p.151-158.



SDSS combine high yield and tensile strength with 
excellent corrosion resistance to oxidizing 
environments at a competitive cost. 

SMYS = Specified Minimum Yield Strength 



In O&G subsea systems, SDSS are used on valves, valve 
internals, tubing, hubs, connection systems, and piping. 
End terminations lead to crevice scenarios.

Image credits GE Oil & Gas



The chemical composition of DSS and SDSS is balanced 
to produce close to a 50/50 ferrite/austenite ratio. For a 
25Cr SDSS:

Cr
Ni

Mo

N

24-26 wt%
6.0-8.0 wt%

3.0-5.0 wt%

0.24-0.32 wt%

Other alloying elements include tungsten, copper, and manganese.  



SDSS are susceptible to the precipitation 
of deleterious third phases and 
intermetallic compounds (IMC) such as 
sigma (σ) phase and Cr2N.



σ-phase is an IMC rich in Cr and Mo with 

a volume fraction that is larger than 
that of any other precipitated phase.

Precipitation of σ-phase decreases impact toughness and 
ductility and depletes Cr and Mo from the surrounding 
austenite/ferrite matrix. 

Sriram, R, and Tromans, D, Corrosion 45 (1989): p.804-810.

R.C. Newman, Corrosion 57 (2001): p.1030-1041.

R.F. Steigerwald, Corrosion 33 (1977): p.338-344.



Materials selection for oil and gas production systems 
is governed by two international standards, with very 
similar scope(*): ISO 21457 and NORSOK M-001.

(*) ISO 21457 builds upon NORSOK M-001’s more than 20 years history.

Rev. 5 released on 
September 2014



ISO 21457 and NORSOK M-001 mandate 
that any material exposed to oxygenated 
seawater shall be made of a seawater 
resistant alloy.

Seawater resistance is determined based on the alloy’s 
pitting resistance equivalent (PRE).



What is the PRE of an alloy?



In ISO 21457 PRE(N, W) is defined as:

In NORSOK M-001 PRE(N) is defined as:

The subscripts N and W indicate the PRE formula includes nitrogen and/or tungsten, respectively.



According to ISO 21547 and NORSOK M-001, an alloy is 
considered seawater resistant* when the pitting 
resistance equivalent is:

PRE(N,W) ≥ 40

(*) Despite the difference in PRE formulae, both standards define seawater resistance equally.

This limit has been derived from end-user experience (mostly in 
the North Sea) and a number of long-term exposure test 
programs.

ASTM G48 Method A is used as quality control.



Due to crevice corrosion concerns, ISO 21457 limits the 
use of 25Cr SDSS in oxygenated-chlorinated seawater 

to a maximum temperature of:

20°C



The objective of this investigation was to 
quantify the seawater localized corrosion 
resistance of a 25Cr SDSS and its correlation 
with alloy’s microstructure and surface finish 
before testing.



This investigation is part of a long-term 
research program aimed at assessing the 
localized corrosion performance of 
conventional and tungsten-containing 
SDSS in seawater.



Precipitation kinetics

Validation - Crevice Former

UNS S32750 UNS S39274

UNS S32750 UNS S39274

vs.

Annealed Sensitized Annealed Sensitized

vs.



UNS S32750 exceeded the minimum standard 
requirements in terms of PRE and mechanical properties

C Si Mn P S Cr Mo Ni W Cu N Co PREN

0.02 0.32 0.56 0.019 0.0004 25.74 3.31 6.92 0.55 0.20 0.267 <0.05 40.93

Actual chemical composition UNS S32750

Rp 0.2 (MPa) Rm (MPa) Elongation to failure, A (%) Avg. CVN (J) @-46 °C Hardness (HRC)

582 830 38 305.7 22.5

Actual mechanical properties UNS S32750



A subset of 32 samples was isothermally heat treated at 
875°C for 7 and 30 minutes and quenched to induced the 
formation of σ-phase. 

J. Nilsson, Mat. Sci. and Technol. 8 (1992): p.685-700.



A 7 minutes heat treatment gave a 5 vol% σ-phase while a 
30  minute exposure resulted in approx. 30 vol% σ-phase.

Electrolytic etched as per ASTM A923
40-wt% NaOH solution at 1.5V for 30-40s.

σ-phase counting as per ASTM E562. 

5 vol% σ-phase

200 μm

Solution annealed (no σ)

200 μm

30 vol% σ-phase

200 μm



Cyclic potentiodynamic polarization (CPP) testing , in 
accord with ASTM G61, was used to determine pitting and 
repassivation potentials (EP and ERP, respectively).

Scan rate: 0.6V/h

Electrolyte: 3.5 wt% NaCl pH 8.0

Deaerated

Open circuit (EOC) stabilization: 1h

Scan reversal: 5 mA/cm2

Flat/Disc - no creviced coupons



Tests conducted at 8 different temperatures:

25 °C
30 °C

40 °C
50 °C

60 °C
70 °C

80 °C
90 °C

The actual solution temperature was 
continuously monitored during testing 
and kept within ±2°C.



We tested 2 different surface conditions:

Polished to 600-grit
+

Passivation

Polished to 600-grit
+

Pickled
+

PassivationPickling according to NORSOK M-630:

20% nitric acid (HNO
3
) and 5% hydrofluoric acid 

(HF) at 60°C for 5 minutes.



EP

Pitting or transpassive potentials @ Inflection point

EP measured in the forward scan

http://www.aboutcorrosion.com/2014/04/13/how-to-determine-pitting-and-repassivation-
potentials/



ERP

Repassivation potential @ 2 μA.cm-2

N. Sridhar, and G.A. Cragnolino, Corrosion 49 (1993): p.885-894.

ERP measured in the reverse scan



The electrochemical response of the 
different systems could be divided in 
three distinctive cases:



No hysteresis, oxygen evolution, and transpassive potentials 
(ETrans) (e.g. low temperatures).

UNS S32750 - Solution Annealed - Pickled - 20℃



Little hysteresis, very high breakdown potentials, and small pits 
(e.g. temperatures close to CPT).

UNS S32750 - Solution Annealed - Polished - 50℃



Positive hysteresis and clear signs of pitting corrosion (e.
g. elevated temperatures and/or presence of σ-phase).

UNS S32750 - Solution Annealed - Pickled - 80°C



Wilde and Williams reported an empirical relationship 
between long-term (i.e. 4.25 years) weight loss results 
on creviced stainless steel samples and repassivation 
potentials: 

Adapted from: B.E. Wilde and E. Williams, Electrochim. Acta 16, (1971):p1971–1985



However, the use of repassivation potentials to gauge 
localized corrosion resistance is controversial. Wilde 
later showed that ERP depended on both current at scan 
reversal and potential scan rate.

Adapted from: B.E. Wilde, Corrosion 28, (1972): p.283–291.

Tests conducted in 1M NaCl at 25 ℃



Thompson et al. and 
Dunn and coworkers 
found that, for certain 
systems, a lower bound 
value of ERP exists, 
suggesting that ERP could 
be a good estimator of 
localized corrosion 
performance.  

N. Thompson and B.C. Syrett, Corrosion 48, (1992): p.649-659.
D. Dunn, G. Cragnolino, N. Sridhar, Corrosion. 56, (2000):p. 90–104.

UNS N08825 in 1,000 ppm Cl- at 95°C

Lower bound ERP



Sridhar and Cragnolino suggested that  ERP becomes 

independent of prior pit growth for deep pits. Deep pits 
were associated with a minimum charge density of:

N. Sridhar, G.A. Cragnolino, Corrosion 49, (1993): p. 885–894.

10 C/cm2

Tested on UNS S31600 and UNS N08825

We verified this condition in all cases. 

This condition assumes that all current is associated with pit growth.



ERP becomes independent of prior pit growth only above certain pit 
depth. In this case, one can visualize a growing pit as a special form of 
crevice corrosion. 

The ERP is an indirect estimator of the ease 
with which a crevice can grow stable.

Although ERP and TProt cannot provide mechanistic information 
regarding crevice corrosion kinetics, both parameters relate to 
conditions leading crevice corrosion initiation.

D.S. Dunn, G.A. Cragnolino, and N. Sridhar, Corrosion 56 (2000): p.90-104.

N. Sridhar, and G.A. Cragnolino, Corrosion 49 (1993): p.885-894.



Critical pitting and crevice temperatures were estimated 
at the inflection point of a EP or ERP vs. Temperature plot. 
The following nomenclature was used:

Critical pitting temperature from EP vs T plotCPT

CCT|ERP
Critical crevice temperature from TProt, ERP vs T plot

TProt
Protection temperature from ERP vs T plot

CCT Critical crevice temperature from ASTM G48



The presence of 5 vol% σ-phase resulted in a 30°C drop 
on Critical Pitting Temperature:

Solution Annealed - Pickled 5 vol% σ-phase - Pickled

CPT = 75°C CPT = 45°C

CPT CPT



CPTs were 5 to 15°C lower than reported CPT in 6-wt% and 10 wt-% 
FeCl3 and 10 to 20°C lower than CPT values obtained by ASTM 
G150 testing. However, results were in close agreement with 
Steinsmo et al. and Tsaprailis et al.

CPT (CPP testing - 3.5% NaCl) - Solution Annealed - Pickled 75°C

CPT (CPP testing - 3.5% NaCl) - 5 vol% σ-phase - Pickled 45°C

CPT (6-10 wt% FeCl3 - OCP - ASTM G48) 80°C

CPT (1M NaCl - ASTM G150) 85°C

CPT (Steinsmo et al. - 600mV vs. Ag/AgCl - Seawater) (*) 76°C

CPT (Tsaprailis et al - ZRA - 0.5 °C/min - 10 wt% FeCl3) (**) 71°C

(*) U. Steinsmo, T. Rogne, and J. Drugli, Corrosion 53 (1997): p.955-964.

(**) H. Tsaprailis, W. Kovacs III, J. Tuggle, and L.F. Garfias-Mesias, "Corrosion Resistance of Stainless Steels Exposed to Aggressive       

Environments with Particles and Water." CORROSION/09, paper no.09277 (Houston, TX: NACE International, 2009).



The presence of 5 vol% σ-phase also resulted in a marked 
decrease on protection temperatures (TProt):

Solution Annealed - Pickled 5 vol% σ-phase - Pickled

TProt = 55°C TProt = 45°C

TProt

TProt



Given that the deep pit condition was met or 
exceeded above the inflection point in ERP vs T 
curves, TProt was used as an estimator of the 
CCT of the alloy (i.e. CCT|ERP).



We found close agreement between critical crevice 
temperatures estimated by TProt and CCT obtained using 
conventional methods and other electrochemical 
approaches. 

CCT|ERP (CPP testing - 3.5% NaCl) - Solution Annealed 55°C

CCT|ERP (CPP testing - 3.5% NaCl) - 5 vol% σ-phase 35-45°C

CCT (ASTM G48 - w crevice formers) 50°C

CCT (600mV vs. Ag/AgCl + crevice formers - Seawater) (*) 51°C

CCT (500mV vs. Ag/AgCl + crevice formers - Seawater) (*) 63°C

(*)A.B. Høydal, E. Skavås, and T. Hemmingsen, "Crevice Corrosion on Super Duplex Stainless Steel – Effect of Potential on Critical Crevice 

Corrosion Temperature." CORROSION/13, paper no.2763 (Houston, TX: NACE International, 2013).



The use of ERP to gauge crevice corrosion 
resistance has limitations. 

For cases where only little hysteresis is observed and when 
pitting is concurrent with oxygen evolution and/or transpassive 
dissolution, the system will not meet the deep pit condition. 



ERP values, as determined by conventional 

CPP testing, cannot be used to determine 

immunity to localized corrosion. 



Conclusions
● σ-phase precipitation had a marked effect on localized corrosion 

resistance. A 5-vol% σ-phase precipitation resulted on a 25-35°C 
decrease in CPT and CCT|ERP.

● Surface finish had no conclusive effect on EP and ERP. However, 
pickled samples showed better reproducibility.

● CCT values as estimated by ERP were in very good agreement with 
reported ASTM G48 Method D data and potentiostatic testing, 
suggesting ERP measured using coupons without crevice formers 
could be used to estimate crevice corrosion resistance. 

● ERP values cannot be used to determine immunity to localized 
corrosion. 
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Image credits: http://authenticityrules.blogspot.com/



Researchers attempted to correlate the 
complex beneficial effect of the main 
alloying elements (Cr, Mo, and N) using a 
simple compositionally derived "pitting (or 
crevice) index". 

The work by Lorenz and Medaward (1969) and later by Truman 
(1980) and Pleva et al. (1982) represent the first mentions of the 
PRE concept in the open literature.

K. Lorenz and G. Medawar, Thyssen Forsch. 1, 97 (1969)

J.E. Truman, Proc. of UK Corrosion 1987, Brighton, (1987):p 111–129. 


