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Preface 

This doctoral thesis is submitted to the Norwegian University of Science and Technology 

(NTNU), in fulfilment of requirements for the degree of Philosophiae Doctor. The work 

included in this thesis has been carried out at the Department of Mechanical and Industrial 

Engineering from May 2016 to June 2020. Prof. Roy Johnsen has been the main supervisor, 

Prof. Mariano Iannuzzi from Curtin University and Dr. Mariano Kappes from Comisión 

Nacional de Energía Atómica (CNEA) have been the candidate’s co-supervisors. The main 

experimental part of the work has been carried out at the Corrosion laboratory (Corrlab) 

belonging to SINTEF. Several laboratories from the Department of Mechanical and Industrial 

Engineering and the Department of Materials Science and Engineering at NTNU were 

employed as well for the specimen preparation and characterization. 

This work was financed by NTNU’s Department of Mechanical and Industrial Engineering and 

included collaboration with Curtin University, Perth, Western Australia.  

The thesis consists of two parts. Part I (Chapters 1 to 9) includes introduction, literature review 

and a summary of the work. Part II (Chapter 10) contains three peer-reviewed journal papers 

published or summitted to scientific journals and two papers presented at international 

conferences.  

 

 

 

 

 

 

 

Cristian Torres Rodriguez 
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Abstract 

In this thesis, the effect of Tungsten (W) on localized corrosion resistance of 25Cr super duplex 

stainless steel (SDSS) was investigated. 

Firstly, the effect of W on precipitation kinetics of intermetallic phases in SDSS was studied. 

Three SDSSs differing in their W content (0, 0.6 and 2.1 wt.%) were isothermally heat treated 

(IHT) at different combinations of temperature and time followed by microstructure analyses 

with different microscopy techniques. A critical pitting corrosion test was performed to 

correlate the actual microstructure with the corrosion resistance of the materials.  

Secondly, the three SDSSs were tested in the solution annealed (SA) condition and their critical 

crevice corrosion repassivation potential (ER,Crev) was measured using a potentiodynamic-

galvanostatic-potentiodynamic (PD-GS-PD) technique at different temperatures. Critical 

crevice corrosion repassivation temperature (TR,Crev) was determined from the ER,Crev. 

Additionally, the two SDSSs with 0 and 2.1 wt.% W were further tested in natural seawater 

polarized to different fixed potentials. The temperature was increased stepwise to obtain the 

critical crevice temperature (CCT) and, after initiation of crevice corrosion, the temperature 

was decreased stepwise to measure TR,Crev, which was compared with the output from the PD-

GS-PD technique. In addition, some samples with selected IHT temperature-time combinations 

from the microstructure characterization were tested with the same procedure in natural 

seawater. 

Lastly, the W-free and the 2.1 wt.% W SDSSs were tested in the SA condition in solutions 

simulating crevice corrosion environments at different temperatures. Two different solutions 

were used: 1M HCl as solution reference for 0 pH, and 7M LiCl adjusted to 0 pH to represent 

the solution in a stable propagating crevice corrosion attack. Galvele’s acidification model was 

employed to estimate the critical potential (Ecrit) values of these materials and compare them 

with the results from the other used techniques.  

Results obtained with all the techniques demonstrated a beneficial effect of W on the localized 

corrosion resistance of SDSS. In SA specimens, the higher the W content, the larger the 

enhancement. On the other hand, results showed that there exists a W content range within 

which W retarded and decreased the amount of deleterious phase precipitation on IHT 

specimens. Outside this range, W became detrimental as the deleterious phases precipitated 

earlier and in larger amount than the reference W-free material. 
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Chapter 1: Introduction 

 

 

 

 

CHAPTER 1: INTRODUCTION 

 

  This chapter includes an introduction to the research topic performed 

in this thesis, i.e., an explanation of the background and the scope of 

this study together with an overview of all the topics focused on in 

this thesis. 
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Chapter 1: Introduction 

1.1. Motivation 

Super Duplex Stainless Steels (SDSS) are widely used in aggressive environments such as in 

the Oil & Gas industry due to their exceptional mechanical and corrosion resistance properties. 

The good corrosion resistance is achieved thanks to the high content of elements like Cr and 

Mo, among others. A promising element that could enhance corrosion resistance is W. 

Investigations regarding alloying element additions need to consider two different roles: (i) the 

element added in solid solution in Solution Annealed (SA) material conditions, and (ii) 

influence on the precipitation kinetics of intermetallic phases of isothermal heat treated 

materials. However, in the scientific community there is still a strong disagreement on the role 

of W on the corrosion resistance properties of stainless steels. Published literature, as explained 

in detail in section 2.6, seems to report controversial results regarding both roles of W, 

especially on the effect of deleterious phase precipitation kinetics. 

 

1.2. Objectives 

The investigation in this thesis involved the study of three SDSS materials which differed 

mainly in the W content. One of them was W-free and was used as a reference material. The 

others contained 0.6 and 2.1 wt.% W. The techniques employed to study the effect of W 

focused on the influence on precipitation kinetics of deleterious phases and the effect on SA 

conditions. The main goals of this investigation were to: 

• Determine the effect of W on precipitation kinetics of deleterious phases, quantify their 

volume fraction and correlate the quantification with the localized corrosion resistance 

of the materials. 

• Quantify the crevice corrosion resistance of SA materials as a function of their W 

content. 

• Verify the crevice corrosion resistance by exposing the materials long-term in natural 

seawater. 

• Analyze the role of W in localized corrosion environment by means of Galvele’s critical 

acidification model. 
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Chapter 1: Introduction 

1.3. Thesis overview 

The background and the outcome of the research in this thesis are presented in 9 chapters, in 

addition to a 10th chapter which includes the appendixes. The content of each chapter is 

summarized as follows: 

• Chapter 1: Introduction to the background, scope and overview of the thesis. 

• Chapter 2: Theoretical framework explaining different concepts and methodologies 

followed during this investigation. 

• Chapter 3: Heat treatment procedure, characterization techniques to identify and 

quantify the intermetallic phases precipitating in the materials, and volume fraction 

results of the deleterious phases. 

• Chapter 4: Corrosion tests and procedures employed to study the effect of W on the 

corrosion resistance of the materials. 

• Chapter 5: Characterization techniques and procedures used to analyze the specimens 

and solutions after the corrosion tests. 

• Chapter 6: Summary of the outcome of the three peer-reviewed journal papers produced 

during this investigation. 

• Chapter 7: Methodology, results and main conclusions from the long-term natural 

seawater exposure used to verify the corrosion resistance results from the techniques 

used in the journal papers. 

• Chapter 8: General conclusions drawn by the complete investigation performed during 

the PhD, in addition to suggested future experiments to complete this investigation. 

• Chapter 9: Includes all references used in the thesis. 

• Chapter 10: Appendix including the three peer-review journal papers and the two 

conference papers which are the main outcome of the thesis. 
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Chapter 1: Introduction 

1.4. List of papers and conferences 

During this PhD thesis, three peer-reviewed journal papers were produced, in addition to two 

international conference papers. The conference papers were published before the end of the 

investigation; thus, this PhD thesis focuses on the journal papers in addition to some 

experimental results which have not yet been published. 

 

 

Figure 1-1. Overview of the performed experiments in connection to the journal papers included in this thesis.  

 

Figure 1-2. Overview of the performed experiments in connection to the conference papers in this thesis. 
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Chapter 1: Introduction 

Figure 1-1 and Figure 1-2 illustrate the overview of the full investigation outcome, indicating 

which topics each journal and conference paper covered, respectively. The conference papers 

include information that were later included in the journal papers. As seen in Figure 1-1 and 

Figure 1-2, conference paper I contains information included in Paper II and Paper III, whereas 

conference paper II constitutes some results published in Paper I.  

The three peer-reviewed journal papers (one published and two submitted) included in the 

appendixes of this thesis are: 

I. C. Torres, M. S. Hazarabedian, Z. Quadir, R. Johnsen, M. Iannuzzi, The Role of 

Tungsten on the Phase Transformation Kinetics and its Correlation with the Localized 

Corrosion Resistance of 25Cr Super Duplex Stainless Steels, Journal of The 

Electrochemical Society, 167 (2020), 081510. 

Contributions: RJ and MI designed and coordinated the study. CT performed the heat 

treatments and the microscopy characterization apart from the TEM. MSH and ZQ 

performed some EBSD and all the TEM. CT, MSH, RJ and MI interpreted the results. 

All the authors helped to draft the manuscript and gave final approval of publication.  

II. C. Torres, R. Johnsen, M. Iannuzzi, Crevice Corrosion of Solution Annealed 25Cr 

Duplex Stainless Steels: Effect of W on Critical Temperatures, accepted for publication 

in Corrosion Science (date 29.09.2020). 

Contributions: CT, RJ and MI designed and coordinated the study. CT performed all the 

experimental work. All the authors helped to interpret the results, drafted the manuscript 

and gave final approval of publication.  

III. C. Torres, M. Iannuzzi, R. Johnsen, Use of the Critical Acidification Model to Estimate 

the Influence of W in the Localized Corrosion Resistance of 25Cr Super Duplex Stainless 

Steels, accepted for publication in Metals, special issue “Localized Corrosion of Metals 

and Alloys”. 

Contributions: CT, RJ and MI designed and coordinated the study. CT performed all the 

experimental work. All the authors helped to interpret the results, drafted the manuscript 

and gave final approval of publication.  
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Chapter 1: Introduction 

During the PhD project, the candidate participated in several international conferences. 

Participation and contribution in each international conference are indicated below: 

• CORROSION 2018 

15-19 April 2018, Phoenix, Arizona, USA 

Poster presentation: Influence of Tungsten on Crevice Corrosion Resistance of 25Cr 

Duplex Stainless Steels in Natural Seawater. 

Oral presentation: Influence of Tungsten on Passivity Breakdown and Repassivation of 

25Cr Super Duplex Stainless Steel. 

Published conference proceeding: Influence of Tungsten on Passivity Breakdown and 

Repassivation of 25Cr Super Duplex Stainless Steel (Paper no. C2018-11102). 

• 17th Nordic Corrosion Congress 

23-25 May 2018, Copenhagen, Denmark 

Oral presentation: Effect of Tungsten on the Critical Crevice Temperature of 25Cr 

Duplex Stainless Steel in Seawater. 

• CORROSION 2019 

24-28 March 2019, Nashville, Tennessee, USA 

Oral presentation: Effect of W on Phase Transformation kinetics and its Correlation 

with Localized Corrosion Resistance for UNS S39274. 

Published conference proceeding: Effect of W on Phase Transformation kinetics and 

Its Correlation with Localized Corrosion Resistance for UNS S39274 (Paper no. 

C2019-13233). 
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2.1. Localized corrosion 

Stainless steels were discovered in the 19th century when at least 10.5-12 wt.% Cr was added 

as alloying element to carbon steels. It was observed that Cr forms an oxide layer on the surface 

of the steel acting as a chemical barrier and, thus, increasing the corrosion resistance of the 

material. This layer is called passive layer and it is able to self-heal itself spontaneously in case 

of a damage as illustrated in Figure 2-1. However, in some aggressive media, often containing 

chloride (Cl-) ions, the passive layer might suffer from breakdown in specific localized points 

or areas. In the cases in which the aggressive environment does not let the self-healing process 

to occur, the result will be localized corrosion. Two of the most important types of localized 

corrosion are pitting and crevice corrosion [1]. 

 

Figure 2-1. Illustrations of passive layer formation, breakdown and repassivation. 

Pitting corrosion occurs in areas exposed to the bulk material, whereas crevice corrosion 

develops in occluded areas. Some researchers suggested that crevice corrosion is a type of 

pitting in occluded areas, while others stated that pitting is a type of crevice corrosion attack 

[2] because both corrosion processes have a lot of similarities. Both corrosion attacks involve 

localized breakdown of the passive layer. The local environment is acidic and with large 

concentration of chloride ions [3]. Materials susceptibility are ranked similarly for both 

corrosion processes in most cases [2], indicating a similar mechanism and alloy chemical 

composition influence [4]. The mechanism includes parameters such as critical temperatures 

(critical pitting temperature (CPT) and critical crevice temperature (CCT)) and critical 

potentials (critical pitting corrosion potential (EP), critical crevice corrosion potential (ECrev))) 

above which localized corrosion occurs [1, 4, 5]. Consequently, these two processes are often 

studied together [1, 6-8], since both are viewed as following the same electrochemical behavior 

[9]. Nevertheless, there are some differences between pitting and crevice corrosion; the 

geometry being the most important [1, 9]. In the occluded site where crevice corrosion occurs, 

diffusion to/from the bulk environment is limited causing, initially, a lower incubation time for 
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the crevice corrosion to initiate in comparison to pitting corrosion [5]; and at a later stage, a 

more aggressive environment harder to dilute. Consequently, CCT, crevice corrosion 

repassivation potential (ER,Crev) and crevice corrosion repassivation temperature (TR,Crev) are 

lower than CPT, pitting repassivation potential and pitting repassivation temperature, 

respectively [6]. Consequently, it is agreed that crevice corrosion is more detrimental than 

pitting corrosion in practice [4, 5]. 

As localized corrosion initiates by passive layer breakdown, many other different elements 

have been studied in order to further enhance this passive layer and, hence, improve the 

corrosion resistance of stainless steels. The most beneficial elements are N and, especially, Mo. 

However, these elements by themselves do not strengthen the material. Instead, Mo combined 

with Cr (Cr+Mo) and N combined with Mo plus Cr (Cr+Mo+N) increase clearly the corrosion 

resistance properties of stainless steels [10]. As a result, Lorenz and Medawar [11] and later 

Truman [12] proposed an empirically derived parameter referred to as Pitting Resistance 

Equivalent (PRE) to correlate the observed localized corrosion resistance of stainless steels 

with composition according to Equation 2.1. In this equation, the sub-index N indicates that 

the original PRE formula proposed by Lorenz and Medawar was modified to include N [13]. 

The %M represents the wt.% of element M present as alloying element in solid solution in the 

material. The higher the PRE number, the higher the resistance to localized corrosion (pitting 

and crevice) of the material.  

 PREN = %Cr + 3.3%Mo + 16%N (2.1) 

 

2.2. Super Duplex Stainless Steel 

As environments become more corrosive; high alloyed stainless steels have been adopted. 

Duplex stainless steels (DSS) are a family of stainless steels defined for having a dual phase 

microstructure, composed of austenite (γ) and ferrite (α). Both phases need to be stainless, i.e., 

contain more than 10.5 to 12 wt.% Cr, and be present in a ratio close to 50/50 to attain a good 

combination of chemical and mechanical properties [14, 15]. In this manner, DSS is stronger 

than austenitic stainless steels thanks to its fine grained microstructure [14, 16], as seen in Table 

2-1. Additionally, DSS has better corrosion resistance performance than austenitic stainless 

steels, due to the higher Cr and Mo content, especially in the higher grades [14, 15].  
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Table 2-1. Typical values of mechanical properties comparing austenitic, ferritic, DSS and SDSS [14]. 

Stainless steel 

type 
Tradename UNS 

Ultimate tensile 

strength (MPa) 

0.2% proof 

stress (MPa) 

Austenitic AISI 304 S30400 515-690 210 

Ferritic AISI 430 S43000 450 205 

DSS Alloy 2205 S31803 680-880 450 

SDSS Alloy 2507 S32750 800-1000 550 

 

DSS are classified in four different groups depending on their PREN value [16]: lean duplex 

(PREN ≤ 35), standard duplex (35 < PREN < 40), super duplex (40 ≤ PREN < 45) and hyper 

duplex (PREN ≥ 45). SDSS contains approximately 25 wt.% Cr, resulting in a PREN ≥ 40 [14, 

17]. SDSS can be used in aggressive environments, such as natural and chlorinated seawater 

applications up to 20ºC according to ISO 21457 and NORSOK M-001 [18, 19]. However, DSS 

are only suggested in applications within the temperature range -50 to 250°C [14], due to the 

brittle behavior of α, and the possibility of deleterious phase precipitation at higher 

temperatures. 

 

2.3. Intermetallic phase precipitation 

High alloyed stainless steels, such as SDSS, can suffer phase transformation when the alloy is 

exposed to high temperatures, e.g., during welding or heat treatment. During the solidification 

process, α is formed first, being transformed afterwards into γ [15, 16]. However, the higher 

quantity of Cr and Mo, the more intermetallic phases precipitate within the microstructure of 

the material [14, 20-22]. These intermetallic phases are usually called secondary phases. 

However, in the case of DSS, the intermetallic phases receive the name of tertiary phases, since 

there are already two phases in the microstructure in the SA condition: γ and α. The most 

studied intermetallic phases in stainless steels, shown in Table 2-2, are: sigma phase (σ), chi-

phase (χ) and chromium nitrides (usually as Cr2N) [10, 14, 20, 21, 23-50].  
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Table 2-2. Summary of the most relevant deleterious phases in (S)DSS [10, 14, 20, 21, 23-50]. 

Deleterious 

phase 

Nominal chemical 

formula 

Crystal 

structure 

Temperature range 

(°C) 

Sigma (σ) Fe-Cr-Mo (W, Mn, Si) BCT 600-1000 

Chi (χ) Fe-Cr-Mo (W) BCC 750-850 

Nitrides Cr2N (CrN, less common) HCP 700-900 

 

- Sigma-phase (σ): σ-phase is a hard brittle intermetallic particle that is principally rich in Cr 

and Mo. In addition, it has a body-centered tetragonal (BCT) structure and it is not magnetic 

[29, 30, 51, 52]. It is the most studied intermetallic phase since σ is usually the most common 

precipitate found in stainless steels after being exposed at temperatures in the range between 

600-1000ºC [10, 14, 20, 21, 27, 29-31, 34, 37-50, 53-58]. However, the precipitation of σ-

phase depends on other factors such as time and type of microstructure present in the material. 

There are several arguments that explain why microstructure has a strong influence on the 

kinetics of the precipitation. The main reason is that Cr has faster diffusion through ferrite than 

through austenite since ferrite has a body-centered cubic (BCC) structure in contrast to the 

face-centered cubic (FCC) structure of austenite, i.e. ferrite is less compact than austenite. In 

fact, some studies have pointed out that the difference in kinetics between the two phases is 

about 100 times [51, 59]. 

In DSS, σ-phase precipitates at the interface between austenite and ferrite and grows towards 

the ferrite (Figure 2-2a). The mechanism follows a eutectoid reaction (Equation 2.2) where 

ferrite disappears producing σ-phase and a new austenite phase called secondary austenite (γ2) 

creating a lamellar structure. 

 𝑓𝑒𝑟𝑟𝑖𝑡𝑒 → 𝑠𝑖𝑔𝑚𝑎 + 𝑎𝑢𝑠𝑡𝑒𝑛𝑖𝑡𝑒 (2.2)                                                                                     

Kobayashi et al. [30] suggested that, at low temperatures (under 900ºC), the σ-phase grows in 

cooperation with γ2 forming a lamellar structure. This cooperation is based on the fact that γ2 

pushes aside Cr and Mo for the σ-phase growth and, simultaneously, σ-phase rejects Ni to assist 

the evolution of γ2. On the other hand, at higher temperatures (above 900ºC), the elements need 
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to diffuse a longer distance, increasing the difficulty of a lamellar formation. Instead, a 

“divorced eutectoid” is formed consisting of separated massive forms created by means of a 

non-cooperative growth. Figure 2-2 illustrates both cases: (a) lamellar structure, and (b) 

divorced eutectoid.  

 

Figure 2-2. Scanning electron microscopy (SEM) pictures in back scattered electron (BSE) mode of 

intermetallic phases found in UNS S32760 isothermally aged for 1200 s at (a) 790ºC, and (b) 920ºC. 

 

- Chi-phase (χ): χ-phase is a deleterious phase less known than σ-phase as it usually precipitates 

in smaller quantities. Additionally, χ-phase precipitates at lower isothermal heat treatment 

(IHT) times and at lower IHT temperatures compared to σ. Chi-phase is composed of the same 

main elements as σ-phase, although χ-phase is richer in Mo and poorer in Cr [32]. Precipitation 

of χ-phase occurs preferentially at α/γ interfaces and α/α grain boundaries. Several studies [21, 

59, 60] found that χ-phase precipitation density decreased as the IHT time increased. As χ-

phase precipitated earlier than σ-phase, it has been suggested that χ-phase acts as nucleation 

site for σ-phase precipitation. 

- Chromium nitrides: Two different types of chromium nitride have been observed. The first 

and most common one is Cr2N and the second one is CrN [33, 35, 36]. Even though they are 

identify as chromium nitrides, in reality they are composed of additional elements [36]. 

Austenite formation reduces nitride precipitation because nitrogen solubility in austenite is 

high. On the contrary, ferrite has low nitrogen solubility [36, 61, 62]. Consequently, all the 

excess of nitrogen in ferrite precipitates in the form of nitrides. 
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There is no agreement on where Cr2N precipitates. Some authors [33, 63] state that Cr2N 

appears inside the grain, whereas others [21, 61] claim the precipitation to occur at grain 

boundaries. On the other hand, Cr2N precipitation starting at grain boundaries and, later, 

continuing inside the grains has also been observed [61]. Miranda et al. [52] reported that the  

precipitation location depended on the type of specimen treatment. In the case of a fast cooling 

process, the nitride will appear intragranularly; while it will develop at grain boundaries in case 

of isothermal heat treated specimens. Additionally, it has been suggested that the nitrides can 

act as nucleation points for intermetallic phases [21]. 

Most of these intermetallic phases are rich in Cr and Mo, especially σ-phase is rich in Cr and 

χ-phase is rich in Mo [32]. As result, a Cr- and Mo-depleted zones appear around these phases 

after precipitation. These depleted areas have a lower PRE number due to their reduced content 

of Cr and Mo, generating a weaker passive layer in those areas and facilitating the initiation of 

localized corrosion in the material [40, 41, 48, 54-56]. It has been reported that the toughness 

of stainless steels starts to decline when the volume of precipitated secondary phases is higher 

than 5% [25, 43, 47, 64]. However, corrosion resistance is reported to deteriorate with a lower 

density of tertiary phases, 1-2 vol.% [58, 65].  

A simple and visual approach to study intermetallic phase precipitation kinetics in a specific 

material is to develop the Temperature-Time-Transformation (TTT) diagram. Figure 2-3 shows 

a TTT diagram develop by Nilsson et al. [14] for SDSS UNS S32750. 

 

 

Figure 2-3. TTT diagram for UNS S32750 by Nilsson et al. [14]. 
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2.4. Localized corrosion resistance quantification 

Localized corrosion, i.e. pitting and crevice corrosion, is a type of corrosion that is difficult to 

discover during service due to the localized nature of the attack. By the time localized corrosion 

is identified, the corrosion attack has normally penetrated deep into the material often causing 

leakage or fracture. Consequently, scientists have been researching for many years different 

ways to arrest, control or delay this phenomenon.  

Already in 1937, it was discovered that above a certain electrochemical potential value, the 

passive layer suffered from breakdown resulting in localized corrosion attacks. This critical 

potential value was called rupture potential [66, 67]. Later, rupture potential has been named 

as breakdown potential (EB) in the literature [3, 4] or, depending on the type of localized 

corrosion, pitting corrosion potential (EP) and crevice corrosion potential (ECrev), respectively.  

According to the definition of EB, the determination of the critical potential value shall be 

obtained by means of potentiostatic tests, where the potential is fixed to investigate whether 

localized corrosion is initiated at the actual potential. By testing different fixed potentials, EB 

will be obtained as the minimum potential at which localized corrosion initiates. However, if 

the exact EB is needed, many different fixed potentials must be used, resulting in a lot of tests. 

Consequently, a much faster technique requiring a smaller number of tests is required. The 

most widely used technique to obtain the critical potential value is a potentiodynamic scan 

where the EB is obtained at the potential where the current increases rapidly. This breakdown 

potential is noted as EB
'  (apostrophe indicating that it is obtained from the potentiodynamic test, 

not from potentiostatic test). Nonetheless, it has been shown that for pitting corrosion, EP
'  is 

approximately equal to EP [68]; even though EP data is usually scattered over a wide range of 

potentials due to their stochastic nature following a normal distribution. The standard deviation 

normally decreases as the aggressiveness of the solution increases [69, 70]. However, this 

approximation is not valid in the case of crevice corrosion [71]. Therefore, a better parameter 

is needed in order to define more accurately the potential limit for initiation of localized 

corrosion. 

In 1961, Vanleugenhaghe et al. [72] defined for the first time the protection potential (EProt), a 

potential below which localized corrosion was completely prevented. The potential was 

decreased during the occurrence of localized corrosion to investigate when the corrosion 

stopped. Theoretically, there are two mechanisms by which localized corrosion is arrested [67]: 

(i) deactivation of the pits, i.e., the material becomes immune due to the low potential achieved, 
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and (ii) repassivation of the pits. For stainless steels, a Cr content lower than 16.5 wt.% results 

in the deactivation mechanism, since the EProt needs to be decreased to very low values; whereas 

a Cr content exceeding 16.5 wt.% leads to repassivation of the pits [67]. Tsujikawa and 

Hisamatsu [73] were the first to name this EProt as repassivation potential (ER), according to 

the process by which localized corrosion was arrested in most of the stainless steels. 

Consequently, three regions are identified depending on the corrosion potential (Ecorr) [66, 67, 

74, 75]: 

o Potentials more positive than the breakdown potential (Ecorr > EB); localized corrosion 

initiates and propagates. 

o Potentials between the breakdown potential and the protection potential (EProt < Ecorr < 

EB); only initiation of metastable attacks occur, but existing stable pits/crevices 

continue to propagate. 

o Potentials more negative than the protection potential (Ecorr < EProt); no initiation nor 

propagation. Localized corrosion is completely prevented. 

Consequently, ER is the most important parameter for characterization of localized corrosion 

resistance of a stainless steel to avoid any localized attack, since pits/crevices can continue to 

propagate below EB [9, 76]. Hence, different techniques to determine ER are described 

hereunder.  

The most widely used technique is the cyclic potentiodynamic polarization (CPP) described in 

ASTM G61 [77]. In a CPP test, a cyclic voltammetry is performed to a potential more positive 

than the EB, usually defined by a high current density used as threshold value. Then, the 

potential scan is reversed and the ER is obtained at the potential cross-over with the forward 

scan [78]. Sometimes, ER is defined when the current drops back to the passive current density 

values [79]. Nevertheless, this technique has some disadvantages. The main issue is that, in 

some cases - especially for corrosion-resistant alloys (CRA) like SDSS -, the ER values vary a 

lot [69, 70]. Some authors [74, 75, 80, 81] have documented the dependence of ER with the 

depth of the localized corrosion attack, i.e. the electric charge (Q) passed during the attack. For 

very deep attacks, ER becomes independent of the depth, i.e., it is constant [70, 75, 82-84]. 

Consequently, the CPP technique does not allow enough propagation of the localized attack to 

occur since the potential scan reverts as soon as the threshold current density is reached.  

To avoid the limitations of the CPP technique, Tsujikawa and Hisamatsu [73] developed a 

technique named the Tsujikawa-Hisamatsu Electrochemical (THE). This technique was 



 

16 

 

Chapter 2: Theoretical Framework 

standardized in the ASTM G192 [85] and consists of three steps: (i) potentiodynamic 

polarization (PD) to a potential above the EB, normally defined by a high current density 

corresponding to the galvanostatic polarization current density (iGS), (ii) galvanostatic 

polarization (GS) at iGS value for 2 hours, and (iii) iterative potentiostatic polarization (PS), 

lowering the potential 10 mV every 2 h until repassivation. Repassivation is defined as the 

most positive potential at which the current stops increasing. The GS step included in the 

middle of both PD scans allows localized attack to propagate, applying sufficient Q for the ER 

to become constant [70, 75, 82, 83]. Nevertheless, this technique presents some drawbacks as 

well. For instance, the repassivation definition used has been reported to be inaccurate [86]; 

besides the long exposure period required to perform the third step of the technique.  

Mishra and Frankel [86] modified the THE technique by changing the third step to a reverse 

potentiodynamic polarization. This new technique is called the PD-GS-PD due to the three 

steps that consists of: (i) forward PD scan until the chosen iGS threshold, (ii) GS step at the iGS 

chosen for a specific time, and (iii) reverse PD scan until repassivation is achieved. In this 

method, repassivation is defined in the same way as in the CPP technique. Figure 2-4 illustrates 

the E-log(i) behavior of the PD-GS-PD technique.  

Several studies [78, 86, 87] have compared the ER measured by these three techniques. The 

material, the environment conditions and the iGS threshold used were the same in all cases. The 

ER obtained with the PD-GS-PD resulted in the least noble values, i.e., PD-GS-PD resulted in 

the most conservative ER values. The development of the localized attacks with the PD-GS-PD 

technique were independent of the scan rate used during the PD steps [86], torque in the case 

of crevice corrosion (if greater than 2 N∙m) [78], and the Q passed during the GS step [87]. 

Consequently, the PD-GS-PD technique proved to give more reliable ER values, while avoiding 

the disadvantages with the CPP and THE techniques.  

Localized corrosion does not only depend on potential, but on temperature as well. Hence, 

equivalent to the EB and the ER, critical parameters exist for temperature driven testing as was 

discovered in 1973 by Brigham and Tozer [88]. In this type of test, the temperature is increased 

while keeping the tested specimen at a constant applied potential. This method can be found 

nowadays as standard ASTM G150 [89]. Some years later, Qvarfort [90, 91] proved that the 

critical temperatures parameters can be obtained by performing potentiodynamic techniques at 

different temperatures. Additionally, Qvarfort identified the relationship between the critical 

pitting potential and the critical pitting temperature as a reversed S-shaped curved. Actually, 
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the curve is more similar to a Z-shape due to the sharp transition from transpassive corrosion 

to localized corrosion. Thereby, CPT, CCT and protection temperature (TProt), sometimes 

named repassivation temperature (TR) are becoming widely used due to their practical and more 

convenient threshold definitions [6, 92, 93]. 

 

 

Figure 2-4. E-log(i) behavior of the PD-GS-PD technique. The GS step is represented in red, with the potential 

evolution with time in a small insert. Arrows point the direction of the scan. 

 

2.5. Critical acidification model 

Once localized corrosion has initiated, the environment inside the pit/crevice differs from the 

bulk solution. As the material corrodes following the reaction shown in Equation 2.3, the 

metallic cations dissolved are hydrolyzed as illustrated in Equation 2.4 [94, 95]. These 

reactions are written for a generic metallic element, M. 

 𝑀 ⇄ 𝑀𝑛+ + 𝑛𝑒−      (2.3)                                                                                                                 

 𝑀𝑛+ + 𝑛𝐻2𝑂 ⇄ 𝑀(𝑂𝐻)(𝑛−1)+ + 𝐻+ + (𝑛 − 1)𝐻2𝑂 ⇄ 𝑀(𝑂𝐻)𝑛 + 𝑛𝐻+       (2.4)                      
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The hydrolyzation of the cations causes a drop in the pH, as seen by the H+ product of the 

reaction in Equation 2.4. Additionally, these equilibrium reactions represented in Equations 2.3 

and 2.4 imply an increase of cations inside the pit/crevice. To balance the charge created inside 

this local environment, chloride anions (Cl-) migrate into the pit/crevice. As a result, an 

aggressive environment that can initiate and propagate localized corrosion due to a low pH and 

high Cl- concentration is generated inside the pit/crevice.  

The first model to consider the migration of chemical species in and out of the pit/crevice was 

the critical acidification model developed by Galvele [8]. This model consists of a one-

dimensional approach where the transport of species is considered in order to determine the 

acidification generated inside the pit/crevice. Pitting and crevice corrosion are treated as the 

same phenomena from an electrochemical point of view; being the only difference between 

them the diffusion length. The model employs the parameter called “pitting or crevice stability 

product” to determine the acidification degree at which the pit/crevice would stabilize. This 

stability product, constant for a given material in a specific electrolyte, consists of the product 

between the critical current density (icrit) at the bottom of the pit/crevice and the depth of the 

localized attack (x). Thereby, the stability product indicates the threshold above which 

localized corrosion stabilizes. Consequently, the critical potential (Ecrit) is defined in this model 

by Equation 2.5: 

 Ecrit = Ecorr
* + η + ϕ + Einh                      (2.5)                                                                                 

Where Ecorr
* is the corrosion potential inside the pit/crevice, η is the anodic polarization 

required to reach icrit at the bottom of the pit or crevice, ϕ is the ohmic potential drop along the 

pit or crevice, and Einh is an additional polarization required in the presence of buffers or 

inhibitors.  

This model has been validated by Newman [96] and has been used in many studies [3, 97-101]. 

Galvele et al. [101] employed the model to study the effect of Mo in ferritic stainless steels 

(18Cr), Hornus et al. [99] studied Mo content in austenitic stainless steels (UNS S30400 and 

UNS S31600), whereas Bocher et al. [97] studied the effect of Mo as alloying element in Ni-

alloys. Significant differences due to Mo were obtained with the results from Galvele’s critical 

acidification model in these studies.  

Kappes et al. [3] performed a detailed review about simulating artificially the aggressive 

environment created inside a propagating pit or crevice by controlling the pH and Cl- 
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concentration of the solution. Additionally, these authors studied the variation on Cl- 

concentration in crevice-like-solutions at the same pH (in all cases a pH of 0) for one DSS and 

one SDSS (UNS S32750). The outcome of this work was a critical Cl- concentration of 

approximately 7N for precipitation of a metallic salt film, which is a possible indication of the 

propagating pit/crevice stability [102, 103]. Additionally, the maximum limiting current 

density measured for the materials were obtained at 7N Cl-.  

 

2.6. Role of Tungsten 

Nowadays, new materials are being developed to withstand increasingly aggressive conditions. 

In the corrosion field, the main goal is strengthening the passive layer by optimizing the 

alloying composition. One element considered to improve the passive layer is W. ISO 21457 

[18] includes this element in the PRE formula. Thereby, the sub-index W is included in 

Equation 2.6 to indicate the addition of W to the calculation formula. Nevertheless, there is not 

a clear evidence of the beneficial effect of W on the localized corrosion resistance of stainless 

steels. 

 PREN,W = %Cr + 3.3 (%Mo + 0.5 %W) + 16 %N    (2.6)                                                                 

W does not form a passive layer by itself [104]. However, Bui et al. [104] reported the presence 

of W in the passive layer of austenitic stainless steels in absence of Mo in the form of WO3 

both in acid and neutral media containing Cl-. This layer enhanced the corrosion resistance of 

the tested material. The mechanism by which this layer acted differed depending on the pH of 

the solution. WO3 was insoluble at low pH, whereas the WO3 bonded to the substrate in neutral 

pH. Additionally, Bui and co-workers tested tungstates dissolved in the solution. These cations 

attached to the passive layer by adsorption and inhibited corrosion. In contrast, Belfrouh et al. 

[105] tested as well Mo-free austenitic stainless, but the W addition to the material resulted in 

a detrimental effect on the corrosion resistance. Different W additions (from 0.18 to 2.67 wt.%) 

were studied by Tomashov et al. [106]. The results indicated a better corrosion resistance with 

increased W content. However, an addition of 0.18 wt.% W gave reduced corrosion resistance 

compared to the W-free base material.  

In ferritic stainless steel, W had a clear beneficial impact on the corrosion resistance of the 

material in neutral- and acid-chloride environments [107-109]. However, Ahn et al. [107] 

reported that double addition of W in wt.% was needed to achieve the same beneficial effect 



 

20 

 

Chapter 2: Theoretical Framework 

as Mo, i.e., both elements had the same enhancement on the corrosion properties when added 

in the same at.%. This is a similar correlation as reported by the PREN,W formula in equation 

2.6. The authors attributed this behavior to the similar chemical an electrical properties of these 

two elements, although no explanation was given to why the difference was exactly the 

difference of the atomic weight between the elements. This statement was corroborated by Cho 

et al. [108] who specified that the ratio was 1.6 (1.6 times more addition of W in wt.% to 

achieve the same result as Mo). In contrast, Goetz et al. [109] stated that Mo was more 

beneficial than W, even when added at equal at.%. Additionally, these authors attributed the 

beneficial effect of Mo and W not to the enrichment of these elements in the passive layer, but 

to a decrease in the Fe activity. 

In amorphous Fe-Cr alloys, W had a greater beneficial effect than Mo [110]. Habazaki et al. 

[110] explained that these elements strengthened the passive layer by inhibiting Cr dissolution. 

However, when Mo or W were added above 10 at.%, the inhibition effect disappeared. These 

results, together with Tomashov et al. [106], indicate the existence of an optimal W 

concentration range within which W plays a beneficial role on the corrosion resistance. Outside 

this range, the effect seems to be lost or become detrimental.  

Recently, two SDSSs with W content of 0.55 and 2.2 wt.%, respectively, were tested in a 

neutral Cl--containing solution by Haugan et al. [6]. The alloy with 2.2. wt.% W showed a 

higher localized corrosion resistance by comparing different parameters like CPT, CCT and 

TR. Nevertheless, no W-free material used as a reference was included to verify the beneficial 

effect of W on SDSS. In addition, both materials were from different product forms: an 

extruded bar and a rolled plate, adding the influence of an extra variable with an unknown 

effect on the corrosion resistance of the material. 

Heretofore, the current state-of-the-art review included only studies where W was added to 

materials not isothermally aged, i.e., SA specimens. Nevertheless, the investigations found in 

literature are mostly focusing on the effect of W on intermetallic phase precipitation. W seems 

to promote precipitation of χ-phase, in contrast to σ-phase being the main precipitate in W-free 

materials [39-41, 44-46]. Additionally, the TTT curves for all secondary phases are shifted to 

higher temperatures [14, 53]. Nevertheless, as seen for SA materials, there is no agreement on 

the effect of W regarding the precipitation kinetics of the deleterious phases. 

On one side, Nilsson et al. and Hertzman et al. [38, 45] concluded that precipitation of σ- and 

χ-phase increased by adding W. On the other hand, Kim et al. and other researchers [40, 44, 
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46-49, 57] reported that σ-phase precipitation is retarded when W is added by promoting, 

instead, χ-phase. Both sides were endorsed by computational simulations [20, 53]. However, 

the materials tested by both sides were different. Nilsson, Hertzman and co-workers used a W-

free SDSS which was welded with a W-rich filler. Whereas Kim and others employed W-rich 

materials that were isothermally aged. Consequently, the properties of the welds are expected 

to differ. Additionally, Nilsson [14] explained that the DSS filler materials are richer in Ni, 

causing a more pronounced partitioning of Cr and Mo than in the corresponding base alloy, 

resulting in the TTT curves to be displayed to shorter times. 

As explained in section 2.3, these intermetallic phases are rich in Cr and Mo, generating a 

depleted zone of these elements around them. These depleted zones are susceptible to localized 

corrosion, since Cr and Mo strengthen the passive layer. Thereby, it has been reported that the 

EP drops to less noble values for DSS (UNS S31803) when the σ-phase concentration was 

above 15 vol.% [56]. In another study, a concentration of  σ-phase in the range 2 to 6 vol.% 

decreased significantly the CPT for UNS S31803 and UNS S32750 [65]. Deng et al. [58] 

reported a reduction in CPT of 10ºC with 1 vol.% σ-phase precipitation, while the reduction 

increased by 20ºC when the vol.% was higher than 5.   

 

2.7. Statistical analyses 

2.7.1. Box and whisker plot 

Box and whisker plots, sometimes abbreviated to box plots, are a type of diagram developed 

by John Tukey [111] to visualize distribution datasets. It receives its name due to its shape: a 

box where the majority of the dataset points are included, and the whiskers, represented by 

vertical lines, extended to the extreme values of the dataset.  

There are five descriptive statistics employed in the representation of the data: maximum and 

minimum values, median value, first (lower) quartile, and third (upper) quartile. Figure 2-5 

represents this diagram with detailed explanation of each feature and its representation.  

This type of diagram gives the same information as a histogram, in addition to the median value 

and whether the extreme dataset values are considered statistically outliers. Additionally, due 

to its smaller size compare to the histogram, comparisons with other datasets are easier. Box 

and whisker plots are very useful to study whether the dataset follows normal distribution by 

comparing the lengths of the quartiles and whiskers and whether the median is at the center of 
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the box. The more symmetric the box and whiskers are, the closer the dataset approximation is 

to a normal distribution. Consequently, box and whiskers plots are part of the statistical test, 

known as normality test, performed to corroborate whether a dataset follows a normal 

distribution or not. 

 

Figure 2-5. Detailed schematic of a box and whisker plot. 

 

2.7.2. ANOVA 

Analysis of the variance (ANOVA) was developed in the 1930s by Ronald A. Fisher [111]. 

This is a statistical technique where one or two independent variables is/are studied by 

analyzing its/their effect on a dependent variable. The independent variable is called factor or 

categorical variable because it is divided into groups. The dependent variable is a continuous 
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quantitative variable, used to compare the different groups of the independent variable and 

determine whether any group differs from the other. The ANOVA takes into consideration the 

variation of each group to conclude if the difference among the mean values is significant or 

not. Thereby, ANOVA is widely used in hypothesis testing [111]. The test starts assuming an 

initial hypothesis called the null hypothesis (H0), stating that there is no difference between the 

different groups; whereas the alternative hypothesis (H1) states that there is a difference 

between the groups. H1 is only accepted once the H0 is rejected by the outcome of the ANOVA 

test. 

If only one factor is studied, the type of ANOVA employed is called “One-way ANOVA” 

[111]. If, instead, two independent variables are studied, it is called a “Two-way ANOVA” 

[111]. Additionally, the term “replication” is added to the “Two-way ANOVA” when the 

measurement is duplicated [112]. The studied factors can be divided in as many groups as 

needed. For example, if three materials (A, B and C) are being studied, the variable will be 

“Material” and will consist of three different groups: material A, material B and material C. 

Additionally, the dependent variable needs to be continuous and quantitative to be used as 

measurement to compare the factor/s being studied. In the previous example, materials A, B 

and C are exposed in a corrosion test, where the corrosion rate is measured. Consequently, the 

dependent variable is, in this case, the corrosion rate. The ANOVA would calculate the mean 

corrosion rate for each material and compare the three values to determine if the materials 

significantly differ based on this measurement. If the corrosion test is performed at two 

different temperatures, for instance at 30ºC and 60ºC, the ANOVA will be a “Two-way 

ANOVA” as it will consist of two independent variables: (i) “Material” being A, B and C; and 

(ii) “Temperature”, divided into two groups, 30ºC and 60ºC; where the corrosion rate will be 

the quantitative variable used to measure the differences. If more than one dependent variable 

is used in the test, the test is called a multivariate analysis of the variance (MANOVA) [111].  

There are two types of errors in hypothesis testing [111]: (i) error type I (α), indicating the 

probability of rejecting the H0 and, thus, accepting H1 when in reality there is no difference; 

and (ii) error type II (β) representing the probability of accepting the H0 when there is a 

difference. It is usually acceptable to assume an α equal to 5%, which is equivalent to a p-value 

of 0.05 [111]. If the ANOVA results in a lower p-value than 0.05, the risk of committing a type 

I error is lower than 5% and, hence, H0 can be rejected and H1 instead accepted. The p-value is 

calculated at the end of the ANOVA using the F-statistic [113]. 
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In this thesis, the two-way ANOVA with replication was chosen as two different independent 

variables (heat treatment and material) were analyzed based on a quantitative variable (CPT) 

and two measurements were performed for each condition. In this case, there are more than 

one H0 because there is an H0 for each independent variable, plus one more for the interaction 

between the factors.  

The steps followed by the two-way ANOVA with replication are shown below [114], where A 

refers to one factor and a is the number of groups factor A is divided into, B refers to the second 

factor and b is the number of groups is divided into, r is the number of replications, n is the 

total number of measurements and Y refers to the dependent variable being measured. In 

addition, the steps are applied to the example given above for visual assistance.  

1) Set up a matrix where the columns represent the groups of one factor and the rows are 

the groups of the other factor. Table 2-3 shows the matrix for the Two-way ANOVA 

with replication given above as example, where factor “Material” has three levels (i=1, 

2, 3), factor “Temperature” has two levels (j=1, 2), there are two replications (k=1, 2), 

and Yijk represents the values of the dependent variable (corrosion rate) measured in 

each case. 

Table 2-3. Example of a Two-way ANOVA with replication matrix. 

  Material (A) 

  A (i=1) B (i=2) C (i=3) 

Temperature 

(B) 

30ºC (j=1) 
Y111 

Y112 

Y211 

Y212 

Y311 

Y312 

60ºC (j=2) 
Y121 

Y122 

Y221 

Y222 

Y321 

Y322 

 

2) Calculate the mean value (Y̅ijk) of each cell of the matrix (in case of ANOVA with 

replication), the mean of each column (Y̅Ai) and row (Y̅Bj), and the total mean of the 

matrix (Y̅T) as illustrated in Table 2-4. 
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Table 2-4. Table 2-3 with all the mean values calculated required for the two-way ANOVA study. 

  Material (A) 

  A (i=1) B (i=2) C (i=3) Average 

Temperature 

(B) 

30ºC (j=1) 

Y111 

Y112 

Y211 

Y212 

Y311 

Y312 
 

 Y̅11 Y̅21 Y̅31 Y̅B1 

 

60ºC (j=2) 

 

Y121 

Y122 

 

Y221 

Y222 

 

Y321 

Y322 

 

 Average Y̅12 Y̅22 Y̅32 Y̅B2 

 Average Y̅A1 Y̅A2 Y̅A3 Y̅T 

 

3) Calculate the sum of squares (SS) for each factor, their interaction, the error (within) 

and the total following the Equations 2.7 to 2.11. SS is a parameter representing the 

degree of deviation of the measurement from the mean value, i.e., the variation that data 

has [113]. The larger the SS of the factors, the higher probability to reject H0.  

 𝑆𝑆𝐴 = 𝑟 ∙ 𝑏 ∙ ∑ (�̅�𝐴𝑖 − �̅�𝑇)2
𝑖            (2.7)                                                                                 

 𝑆𝑆𝐵 = 𝑟 ∙ 𝑎 ∙ ∑ (�̅�𝐵𝑗 − �̅�𝑇)
2

𝑗                                      (2.8)                                                     

 𝑆𝑆𝑒𝑟𝑟𝑜𝑟 = ∑ ∑ ∑ (𝑌𝑖𝑗𝑘 − �̅�𝑖𝑗)
2

𝑘𝑗𝑖                          (2.9)                                                        

 𝑆𝑆𝑇 = ∑ ∑ ∑ (𝑌𝑖𝑗𝑘 − �̅�𝑇)
2

𝑘𝑗𝑖                             (2.10)                                                            

 𝑆𝑆𝐴𝐵 = 𝑆𝑆𝑇 − 𝑆𝑆𝐴 − 𝑆𝑆𝐵 − 𝑆𝑆𝑤𝑖𝑡ℎ𝑖𝑛                  (2.11)                                                        

4) Calculate the degrees of freedom (df) of each factor and their interaction following 

Equations 2.12 to 2.16: 

 𝑑𝑓𝐴 = 𝑎 − 1                                              (2.12)                                                                   

 𝑑𝑓𝐵 = 𝑏 − 1                    (2.13)                                                                                             

 𝑑𝑓𝐴𝐵 = (𝑎 − 1) ∙ (𝑏 − 1)         (2.14)                                                                                   

 𝑑𝑓𝑒𝑟𝑟𝑜𝑟 = (𝑛 − 1) − (𝑎 − 1) − (𝑏 − 1) − (𝑎 − 1) ∙ (𝑏 − 1)        (2.15)                            

 𝑑𝑓𝑇 = 𝑛 − 1                  (2.16)                                                                                               
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5) Calculate the mean squares (MS) of each factor and their interaction following the 

Equation 2.17. MS is a parameter indicating the variance of the data. In the ANOVA, 

MS indicates the variance between groups and the MSerror is the variance within the 

dataset [113]. 

 𝑀𝑆 =
𝑆𝑆

𝑑𝑓
              (2.17)                                                                                                         

6) Calculate F-ratio as indicated by Equation 2.18: 

 𝐹𝑟𝑎𝑡𝑖𝑜 =
𝑀𝑆

𝑀𝑆𝑒𝑟𝑟𝑜𝑟
                      (2.18)                                                                                      

7) The p-value, defined as the probability of the F distribution to be above the F-ratio 

(obtained in the previous step), can be calculated as indicated by Equation 2.19. The p-

value definition is represented visually in Figure 2-6 [113]. 

 p-value = 𝑃(𝐹 ≥ F-ratio)             (2.19)                                                                             

8) Once the p-value is obtained, it is compared to the chosen α used as critical significant 

level. If the p-value is smaller than the α, H0 can be rejected and H1 accepted. Otherwise, 

H0 cannot be rejected.  

 

 

Figure 2-6. F distribution showing the p-value. 
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2.7.3. Post-Hoc tests 

ANOVA is an omnibus test, i.e., it does indicate if there is a significant difference between the 

means of the groups, but not which means in particular are different [111]. For that, Post-Hoc 

test is needed. There are different types of Post-Hoc tests depending on which criteria they are 

mathematically based on to determine the differences on the means of the groups being 

compared. In this thesis, two Post-Hoc tests were used: Bonferroni and Tukey HSD, which 

perform pairwise comparisons between all groups of the ANOVA to find precisely which 

groups are different among them.  

 

Bonferroni approach: 

Developed by Olive Jean Dunn, sometimes it is named Dunn’s multiple comparison test [111]. 

However, the groundwork was performed by Carlos Emilio Bonferroni [111]. This approach 

deals with the issue that the probability of committing a type I error increases with each 

comparison performed to the same dataset. In other words, if α = 5%, 1 out of 20 comparisons 

will commit a type I error. Consequently, if many comparisons of the same dataset are 

performed, significant results will appear by pure chance.  

The Bonferroni approach solved this issue by decreasing the α to balance the increase of 

probability for performing large number of comparisons. More precisely, this approach consists 

of dividing α by the total number of comparisons being carried out. Thereby, the final α for the 

total number of comparisons will be 5%. An inconvenience of this method is that the individual 

α for each comparison is lowered, resulting in a very conservative test, i.e., it increases the 

probability of committing a type II error [111, 115]. 

 

Tukey Honestly Significant Difference (HSD) procedure: 

The aim of this test is to calculate the minimum mean difference that will cause a significant 

result, i.e. minimum mean difference to reject H0. The minimum difference according to Tukey 

(dTukey) is defined by Equation 2.20 [111]: 

 𝑑𝑇𝑢𝑘𝑒𝑦 =
𝑞𝑇∙√𝑀𝑆𝑒𝑟𝑟𝑜𝑟

√𝑛
        (2.20)                                                                                                        
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Where qT is the studentized range [116] statistic based on the desired α threshold for the total 

of all comparisons, MSerror is obtained from the ANOVA analysis, and n is the sample size of 

each pairwise comparison. 

Consequently, if the means of two groups differ more than dTukey, the two groups are significant 

different between themselves.  

 

2.7.4. Correlation 

Correlation tests are used to check the relationship between two different variables. The most 

widely known test is the calculation of Pearson’s correlation coefficient [111]. Pearson’s 

coefficient (r) [117] ranges from -1 to 1, being closer to the extremes the stronger the 

relationship between the variables, whereas 0 indicates no correlation. The sign indicates the 

direction of the relationship: positive if both variables have the same tendency, while the 

tendency is opposite when the sign is negative. However, Pearson’s coefficient is very sensitive 

to outliers because the model was developed assuming normal distribution [117]. In addition, 

r only indicates the strength of the linear relationship between the variables. If the correlation 

follows a curvilinear relationship, such as an exponential function, the r value will not be as 

high as if it is linear.  

For datasets that do not follow these assumptions, several non-parametric tests are available. 

The main advantage of these non-parametric tests is that any type of monotonic relationship is 

reflected in the correlation coefficient being measured. Not only linear, but exponential and 

other curvilinear relationships will result in coefficient values close to 1 (in absolute value). 

Spearman’s rank correlation coefficient (ρ) has been the most widely used in the 20th century 

[111]. However, Spearman’s ρ is more sensitive to errors than other non-parametric tests such 

as Kendall’s correlation coefficient [118]. Kendall’s coefficient (τ) has always being avoided 

due to the tedious and complicated calculations required, especially for large datasets. 

However, thanks to the software development, Kendall’s τ is becoming very popular 

nowadays; not only due to its robustness (low error sensitivity), but to its simple and direct 

interpretation on the data [111].  

For τ calculation, one variable is ordered, either from largest to smallest value or vice versa. 

Then, the number of concordant (same rank position) and discordant (different rank position) 

values are calculated from the second variable. An example is given in Table 2-5 with data 
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from Paper II presented in this thesis, where the volume and maximum depth of crevice attacks 

were measured. 

From Table 2-5, the variable “Volume” is ordered, from smallest to largest value, resulting in 

Table 2-6. 

 

Table 2-5. Measured stable crevice attacks on UNS S32760 after the PD-GS-PD tests in 3.5 wt.% NaCl at 60ºC. 

Crevice attack number Volume (mm3) Maximum depth (μm) 

1 3.24∙10-5 37.5 

2 1.26∙10-2 83.9 

3 1.13∙10-4 18.4 

4 3.25∙10-3 59.3 

5 7.41∙10-4 72.8 

 

Table 2-6. Table 2-5 data ordered from smallest to largest according to their volume size. 

Crevice attack number Volume (mm3) Maximum depth (μm) 

1 3.24∙10-5 37.5 

3 1.13∙10-4 18.4 

5 7.41∙10-4 72.8 

4 3.25∙10-3 59.3 

2 1.26∙10-2 83.9 
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Table 2-7. Calculation of concordant (C) and discordant (D) values from Table 2-6 data. 

Crevice attack number Volume (mm3) Maximum depth (μm) C D 

1 3.24∙10-5 37.5 3 1 

3 1.13∙10-4 18.4 3 0 

5 7.41∙10-4 72.8 1 1 

4 3.25∙10-3 59.3 1 0 

2 1.26∙10-2 83.9 - - 

 

From Table 2-6, the concordant and discordant pairs for the second variable “Maximum depth” 

are calculated. Since the values were ordered from smallest to largest, concordant is defined in 

this case as the number of values larger than the value being analyzed placed in a higher rank 

position. On the other hand, discordant values are defined in this case as the number of values 

smaller than the value being analyzed in a higher rank position. As result, Table 2-7 is obtained. 

By normalizing the difference in the order of the variables to be +1 when they are identical and 

-1 when they are exactly opposite, the coefficient τ is defined by the formula shown in Equation 

2.21 [119]: 

 𝜏 =
𝐶−𝐷

(
𝑛
2

)
              (2.21)                                                                                                                      

Where n is the total number of ranks of each variable, i.e. the total number of values of each 

variable. (
𝑛
2

) is the binomial coefficient indicating the total number of combinations possible 

between two variables and is mathematically calculated following Equation 2.22: 

 (
𝑛
2

) =
𝑛∙(𝑛−1)

2
         (2.22)                                                                                                                  

In the case of ties, i.e. there is exactly the same value in a higher rank, it does not count as 

concordant nor discordant, but it is counted as a possible combination in the denominator as 

shown in Equation 2.23 [119]: 

  𝜏 =
𝐶−𝐷

√(𝐶+𝐷+𝑇1)∙(𝐶+𝐷+𝑇2)
             (2.23)                                                                                               
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Where Ti is the number of ties for each variable. When there are no ties, Equation 2.23 is equal 

to Equation 2.21. In the example given above in Table 2-7, τ = 0.6. 

A significant test is always performed at the end of the correlation calculation to verify if the 

null hypothesis τ = 0 (i.e., the variables are independent) can be rejected. If the p-value obtained 

from the significant test is smaller than 0.05, the null hypothesis is rejected. Thus, the variables 

are dependent in the same degree as the τ value indicates. The significant test is a function of 

n. Larger n, smaller τ values are statistically significant [111]. 

It is a good practice to plot the scatter plot of the variables being studied, especially in the case 

of Pearson’s correlation, to corroborate visually the relationship obtained with the correlation 

coefficient and, in case of mismatch, identify possible sources of errors. 
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This chapter includes the experimental procedure and tertiary phase 

characterization results from the isothermally aged materials in Paper 

I included in the Appendix. 
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3.1. Experimental methods 

3.1.1. Materials 

Three SDSSs differing mainly in W content were included in this PhD work. The three 

materials were: UNS S32750 (W-free), UNS S32760 (0.6 wt.% W) and UNS S39274 (2.1 wt.% 

W). Table 3-1 summarizes the chemical composition of the three materials together with their 

respective PREN and PREN,W values. UNS S32750 was used as a reference material since it did 

not contain any W. All materials were received as extruded pipes with 30 mm wall thickness 

and 203.2 mm (8 inches) in diameter. The materials were machined in the workshop at the 

Department of Mechanical and Industrial Engineering (NTNU), resulting in disc specimens 

with 3 mm thickness and a diameter of 25 mm for UNS S32750 and UNS S32760, whereas the 

diameter was 30 mm for UNS S39274. 

Table 3-1. Chemical composition in wt.%. 

Material 

(UNS) 

PREN / 

PREN,W 
C Si Mn Cu Ni Cr Mo N W Fe 

S32750 43 / 43 0.03 0.27 0.51 0.14 6.42 25.6 3.83 0.295 - 62.9 

S32760 41 / 42 0.03 0.50 0.60 0.60 7.1 25.2 3.6 0.254 0.62 61.5 

S39274 40 / 43 0.02 0.24 0.71 0.52 6.3 24.9 3.1 0.29 2.1 61.8 

 

3.1.2. Heat treatments 

The specimens were SA at 1100ºC for 15 minutes in an air furnace, followed by water 

quenching, as recommended by the material provider. Additionally, extra IHTs, systematically 

chosen to study the precipitation of different tertiary phases in SDSS [14], were performed as 

well in the same air furnace and followed by water quenching. Only two specimens at the time 

were introduced into the furnace. A K-type temperature sensor was attached to one of the 

specimens to measure the temperature during the IHT. Table 3-2 shows all temperature-time 

combinations (Txty) carried out. These were chosen from the TTT curve values for UNS 

S32750 published by Nilsson [14] and shown in Figure 2-3.  
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Table 3-2. Isothermal heat treatment temperature-time (Txty) combinations. 

Temperature (°C) Time (s) 

T1 = 790 

t1 = 60 

t2 = 120 

t3 = 240 

t4 = 600 

t5 = 1200 

T2 = 846 

t1 = 60 

t2 = 90 

t3 = 120 

t4 = 240 

t5 = 600 

*t6 = 1200 

T3 = 920 

t1 = 60 

t2 = 120 

t3 = 240 

t4 = 600 

t5 = 1200 

*heat treatment only performed on UNS S39274 for the TEM analyses due to the low density 

of secondary phases present at shorter times. 
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3.1.3. Sample preparation 

Different sample preparation steps were performed depending on the technique or test used. 

Table 3-3 indicates which steps were used for each technique. The steps were in the following 

order: 

Step 1: Grinding down to 600 US-grit with SiC paper. 

Step 2: Polishing down to mirror-face surface with 1 µm diamond particles. For the 

transmission electron microscopy (TEM) specimens, vibratory polishing was used.  

Step 3: Electro-etching following Statoil technical note MAT-2010080 [120]. The etching 

procedure consisted of two steps. In the first step, a 15 wt.% KOH solution was used, and a 

potential of 3 V applied for 12 s. In the second step, the solution was 20 wt.% NaOH with an 

applied potential of 1.5 V for 10 s. 

Step 4: Electropolishing using a solution of 5.3 vol.% H2SO4 - 94.7 vol.% methanol at 18V for 

30 s; followed by a final polishing step using an oxide polishing suspension (OPS) of a 0.02 

μm colloidal silica [121, 122]. 

Step 5: Focused-ion beam (FIB) milling to obtain thin foils of the specimens [123, 124].  

Step 6: Rinsing with acetone and distilled water and ultrasonic bath cleaning immersed in 

ethanol for 5 min. 

Table 3-3. Sample preparation steps for each test and technique used in this thesis. 

Technique/test Steps 

Light optical microscopy (LOM) 1, 2, 3, 6 

Back scattered electron (BSE) imaging 1, 2, 3, 6 

Energy dispersive x-ray spectroscopy (EDS) 1, 2, 3, 6 

Electron backscatter diffraction (EBSD) 1, 2, 4, 6 

Transmission electron microscopy (TEM) 1, 2, 5 

Critical Pitting Temperature (CPT) 1, 2, 6 
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3.1.4. Microscopy characterization techniques 

After the IHT, different microscopy techniques were employed in order to characterize the 

intermetallic phases present in the microstructure. More details of each technique can be found 

in Paper I. 

o Light optical microscopy (LOM): An infinite focus microscope (IFM) was used as an 

optical microscope. The electro-etching procedure caused the γ, α and deleterious 

phases to appear in different colors. 

o Back scattered electron (BSE) imaging: The scanning electron microscope (SEM) was 

employed in the BSE mode to identify the different types of intermetallic phases based 

on their chemical composition. This was possible because heavier chemical elements 

appear brighter in the BSE mode [14, 38, 125].  

o Energy dispersive x-ray spectroscopy (EDS): This method was used to determine the 

chemical composition of the different phases seen in the BSE mode. At least 10 

measurements were taken per phase. Nevertheless, EDS is not a precise quantification 

method, especially for small phases (< 1 µm), as the size and depth of the area analyzed 

are unknown. Therefore, the results from this technique are considered to be qualitative. 

o Electron backscatter diffraction (EBSD): This technique was used to identify the phases 

seen in BSE. However, in many cases, the quantification of α and χ-phase was not 

reliable since these phases have the same type of crystal structure, BCC.  

o Transmission electron microscopy (TEM): The intermetallic phases were analyzed by 

transmission electron microscopy (TEM), high-resolution (HR) TEM, scanning 

transmission electron microscopy (STEM), TEM-EDS, and selected area electron 

diffraction (SAD). These techniques were used to verify the identification of the 

deleterious phases performed by EBSD. 

By combining all these microscopy techniques, identification of the precipitated phases and 

corresponding volume fraction quantification was possible. For the quantification, at least 10 

measurements were performed on each specimen. The γ and σ volume fractions were obtained 

directly from the EBSD analyses. However, since EBSD could not distinguish successfully 

between χ and α, an open-access image processing software was employed to determine the 

total vol.% of deleterious phases from the BSE pictures, i.e., the sum of σ and χ. Thereby, χ 

could be determined by subtraction, since σ vol.% was known from the EBSD. Once the χ 
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vol.% was known, α could be calculated by subtraction from the EBSD. Figure 3-1 illustrates 

schematically the quantification process described. 

 

Figure 3-1. Schematic illustration of the quantification process followed to calculate the vol.% of every phase 

present in the IHT specimens. 

 

3.2. Results 

3.2.1. Microscopy characterization 

Figure 3-2 shows an example of the LOM images after etching the specimens. There was a 

clear contrast between γ and α phases since they were colored differently. Samples containing 

tertiary phases were easily identified since the intermetallic phases were blue colored, or black 

if the specimen was over-etched.  

Figure 3-3 illustrates a BSE image result of UNS S39274 where the intermetallic phases are 

distinguishable as they appear brighter than the matrix. Two different tertiary phases can be 

seen: (i) a smaller but brighter phase that precipitated mostly on the grain boundaries and at 

longer IHT times inside the α-phase, and (ii) a larger but duller phase, that precipitated at the 

grain boundaries and grew towards the α-phase. EDS results, summarized in Table 3-4, 

indicated that the smaller but brighter precipitate was richer in Mo and W, whereas the larger 

but duller phase was richer in Cr. Both were richer in Cr, Mo and W than the matrix, proving 

their brighter appearance in the BSE mode. Comparing the chemical composition to literature 
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values, the smaller but brighter precipitate could be χ-phase, whereas the larger and duller 

phase corresponded to σ. 

 

Figure 3-2. Light optical microscopy after isothermal aging (a) UNS S32750 at 846°C for 240 s, (b) UNS 

S32760 at 920°C for 240 s, (c) UNS S39274 at 846°C for 600 s and (d) UNS S39274 at 920°C for 1200 s. White 

arrows point at deleterious phases. Bright and dark phases correspond to austenite and ferrite, respectively.   

 

Figure 3-3. BSE image of UNS S39274 IHT at 920°C for 1200 s. Two different types of tertiary phases can be 

observed. 
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Table 3-4. Average chemical composition of each phase in wt.% for T3t5 IHT. 

Material (UNS) Phase Fe Cr Ni Mo W 

S32750 

Ferrite (α) 63.9 28.1 4.6 3.6 - 

Austenite (γ) 64.9 25.2 7.5 2.3 - 

Sigma (σ) 59.0 30.0 4.4 6.4 - 

Chi (χ) 56.0 28.9 3.7 11.5 - 

S32760 

Ferrite (α) 62.2 27.0 5.3 3.1 0.75 

Austenite (γ) 63.3 23.9 8.3 2.1 0.6 

Sigma (σ) 57.7 29.9 4.4 5.2 1.0 

Chi (χ) 53.9 27.2 4.3 10.8 2.1 

S39274 

Ferrite (α) 63.5 26.4 4.7 2.9 2.5 

Austenite (γ) 64.7 24.1 7.3 1.9 1.9 

Sigma (σ) 55.2 29.7 3.7 6.6 4.5 

Chi (χ) 52.0 25.2 3.7 10.8 9.5 

 

EBSD results confirmed that the smaller and brighter intermetallic phase corresponded to be 

χ-phase, whereas the larger and duller precipitate was σ-phase. One example is given in Figure 

3-4, where one SDSS shows higher precipitation of σ-phase (Figure 3-4a), while χ-phase was 

the main intermetallic phase present in the other material (Figure 3-4b). This conclusion was 

also confirmed by the TEM results. Additionally, a nanosized phase rich in Cr and N was 

observed within σ-phase. Given its chemical composition, the phase was consistent with Cr2N 

commonly found in SDSS [14, 21, 33, 34]. However, the detection of the nitrides was limited 

by the resolution of the chosen characterization methods. In this regard, the detection limit of 

SEM is good enough to identify <1μm precipitates. Even though small nitrides might affect 

negatively the corrosion resistance of the material [126], their effect is negligible compared to 

the higher density and bigger size of the χ- and σ-phases. 
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Figure 3-4. EBSD map of heat treated (a) UNS S32760 at 846°C for 1200 s and (b) UNS S39274 at 920°C for 

1200 s (red = austenite, green = ferrite, blue = chi, yellow = sigma). 

 

3.2.2. Tertiary phase quantification 

Once identification of the intermetallic precipitates was complete, volume fraction 

quantification in each specimen was calculated following the procedure explained in section 

3.1.4. The results are summarized in TTT diagrams in Figure 3-5, Figure 3-6 and Figure 3-7. 

In the TTT diagrams, a white circle indicates no tertiary phases present in the microstructure, 

i.e., the microstructure was the same as in the SA condition. Half white, half black circle 

symbolizes either: (i) the tertiary phases were small and could not be identify with the 

employed microscopy techniques, or (ii) small but similar vol.% of σ and χ were present in the 

microstructure, showing no clear preference for any of the phases. Circle with the cross 

indicates that χ was preferentially nucleated, whereas a black circle symbolizes that σ was the 

main precipitate present in the microstructure. Below the circles, the average vol.% of each 

phase is indicated.  
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Figure 3-5. TTT-diagram for UNS S32750 including vol.% of tertiary phases. 

 

Figure 3-6. TTT-diagram for UNS S32760 including vol.% of tertiary phases. 
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Figure 3-7. TTT-diagram for UNS S39274 including vol.% of tertiary phases. 

 

Volume fraction of tertiary phases increased in the three materials with higher IHT 

temperature. The density of precipitates increased also with longer IHT times. Nevertheless, 

the total amount of intermetallic phases precipitated in the three materials for a given Txty was 

different and increased in the following order: UNS S39274, UNS S32750 and UNS S32760.  
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This chapter includes a detail explanation of all the corrosion 

techniques employed in this thesis. 
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4.1. Critical Pitting Temperature Test 

The CPT test consisted on immersing the specimens in 6 wt.% FeCl3 (pH = 1.2) and monitor 

the open circuit potential (OCP) while the temperature was increased stepwise. Figure 4-1 

illustrates the set-up employed with the different elements numbered. The specimens were fully 

immersed in the solution by drilling a 2 mm diameter hole close to the edge of the sample and 

attaching a 200 µm Pt wire to the sample. Two freely exposed samples per condition were 

exposed simultaneously to check for repeatability in a 1 L glass container. The container was 

place on top of a hot plate, connected to a PID controller which kept the temperature within 

±1oC from the set temperature. The temperature sensor of the PID controller was placed close 

to the specimens in the cell. The specimens were polished down with 1 µm diamond particles 

until achieving a mirror-face surface. The surface exposed to the electrolyte was 12.1 cm2 for 

UNS S32750 and UNS S32760, and 16.9 cm2 for UNS S39274. 

The samples were exposed for 24 hours at 40oC before the temperature was increased stepwise 

5ºC every 24 hours. The OCP was monitored continuously against a standard calomel reference 

electrode (SCE), which was connected to the solution through a salt bridge to keep it at room 

temperature. The test stopped when the specimen suffered from localized corrosion, which was 

determined by the value of OCP decreasing below +500 mVSCE [127].  

 

Figure 4-1. CPT set-up with the following elements: 1) reference electrode connected to the cell by a salt 

bridge, 2) connector to specimen 1, 3) connector to specimen 2, 4) specimen 1, 5) specimen 2, 6) temperature 

sensor, 7) hot plate, and 8) PID controller. 

8 
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4.2. Crevice Corrosion tests 

4.2.1. Sample preparation 

UNS S32750 and UNS S32760 were solution annealed in an air furnace at 1110°C for 15 min, 

followed by quenching in water, as suggested by the material provider. UNS S39274 extruded 

pipe and rolled plate were provided in the SA condition. The specimens were prepared 

following steps 1 and 6 (section 3.1.3).  

Multi-crevice assemblies as described in ISO18070 [128] and shown in Figure 4-2 were 

prepared with the specimens. The crevice formers were made of polytetrafluoroethylene 

(PTFE) and consisted of 12 artificial crevices, i.e., 24 in total for the two sides of the sample. 

The crevice formers were wrapped in PTFE tape to improve repeatability, as indicated by 

ASTM G192 [85]. The applied torque was 5 N∙m [3]. A 200 μm Pt wire was connected through 

a 2 mm in diameter hole drilled closed to the edge of the specimen. The samples were immersed 

in the solution by hanging from the Pt wire. In this manner, the total exposed area (outside the 

crevice former) of the UNS S32750 and UNS S32760 samples was approximately 6.5 cm2, 

whereas the area in contact with the solution for UNS S39274 was approximately 11 cm2. In 

contrast, the area covered by the crevice former was 4.9 cm2 for all specimens. 

 

 

Figure 4-2. Multi-crevice assembly used in this thesis, as described in ISO18070 [128]. 

 

4.2.2. PD-GS-PD technique 

In this thesis, the PD-GS-PD was performed to obtain the ER,Crev values for the specimens at 

different temperatures, defining TR,Crev as the temperature at which the ER,Crev experienced a 

sudden drop to low potential values [6, 76]. The ER,Crev was determined in two different ways: 

(i) the cross-over between the forward and reverse PD scans, and (ii) the potential at which the 

reverse PD scan reached 1 μA/cm2 (approximately the passive current density of SDSSs).  



 

48 

 

Chapter 4: Corrosion Test Methods 

A total of 160 ml volume of 3.5 wt.% NaCl (pH = 6.5) solution was used in each test. The 

solution volume/specimen surface ratio was 14.5 cm3/cm2 for the largest UNS S39274 samples. 

Different temperatures were tested: room temperature (22±1ºC), 40ºC, 50ºC and 60ºC. A 

double-glass cell connected to a recirculating water bath was used to control the temperature 

in all cases, apart from the room temperature condition which was performed with no heating 

element. The solution was deaerated for 2 h with N2 gas before immersing the multi-crevice 

assembly into the solution. The purging continued during the test. A condenser glass tube filled 

with tap water (10 ºC approximately) was used at the inlet/outlet of the N2 gas to avoid 

evaporation of the solution. An optical oxygen-meter was used during all the tests to verify that 

the dissolved oxygen concentration in the solution was below 10 ppb from the moment the 

specimen was in contact with the solution.  

A three-electrode cell set-up was employed, with an Ag/AgCl KCl saturated reference 

electrode and a Pt mesh as the counter electrode. Starting with the immersion of the specimen 

into the solution, the OCP was monitored for 15 minutes. Then, a small cathodic current density 

(1 μA/cm2) was applied for 15 minutes to remove possible surface contamination [3]. 

Afterwards, the OCP was monitored for 30 minutes, followed by the PD-GS-PD technique. 

The PD scans were performed at 0.167 mV/s, starting at 30 mV below the OCP. Two different 

iGS were employed: 25 (taken from the work of Kappes et al. [3]) and 100 μA/cm2. The lower 

iGS was reached by metastable events and current noise, triggering the initiation of the GS step 

at potentials lower than CCT. The higher iGS avoided this issue. The tests were duplicated to 

corroborate repeatability.  

 

4.2.3. Natural Seawater exposure 

Natural seawater from the Trondheim Fjord taken from 80 m depth was used. Two parallel 

specimens were exposed in the same 5 L glass container placed on a hot plate. The seawater 

inlet was placed at the bottom of the 5 L container, whereas the outlet was placed at the top of 

the container to have the seawater flowing continuously. A valve was placed at the inlet to 

control renewal of the seawater with a flowrate of 4 ml/min, which was sufficient slow to avoid 

turbulences inside the glass container and to secure heating of the seawater in the actual 

temperature range. The temperature was measured by placing a K-type temperature sensor 

close to the specimens. The temperature sensor was connected to a PID which controlled the 
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hot plate, keeping the temperature inside the glass container within ±1°C. Figure 4-3 illustrates 

the set-up described for this test.  

 

Figure 4-3. Set-up for the long-term exposure in natural seawater. 

 

The SA specimens were tested at three different potentials: (i) OCP, (ii) +300 mVAg/AgCl, and 

(iii) +600 mVAg/AgCl. For the polarized samples (+300 and +600 mVAg/AgCl), the specimens were 

exposed at OCP for 24 h before applying the corresponding potential. The specimens were 

initially exposed at 50ºC and the temperature was increased in steps of 5ºC every fortnight. 

Crevice corrosion was assumed to initiate when the OCP suffered a sharp drop in the potential 

for the freely exposed specimens, or when the current density was above a threshold value of 

25 μA/cm2 (same value as the iGS of the PD-GS-PD technique) for the polarized samples. The 

CCT was considered to be the temperature at which corrosion initiation was observed. 

However, for the samples polarized to +600 mVAg/AgCl, crevice corrosion initiated immediately 

at 50ºC. Therefore, the start temperature was decreased to 40ºC for these samples. Additionally, 

it was observed that corrosion initiated within the first day when the critical temperature was 
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reached. Consequently, the temperature step was changed to once a week, to shorten the total 

length of the test program.  

Once crevice corrosion was initiated, the specimens were kept for at least 48 hours at the 

initiation temperature followed by a stepwise temperature decrease of 2.5oC every 48 h until 

repassivation was observed. This temperature was determined to be the TR,Crev. For freely 

exposed specimens, repassivation was considered when the OCP returned to its value before 

crevice corrosion initiated. For the polarized samples, TR,Crev was defined as the temperature 

when the current density dropped below 25 μA/cm2 (same limit as the PD-GS-PD technique). 

The tests for the isothermally aged specimens started at 20ºC, since the CCT values were 

expected to be lower due to the precipitates. These specimens were tested at two different 

conditions: (i) OCP, and (ii) +600 mVAg/AgCl. The temperature was increased in steps every 

week for both conditions. CCT and TR,Crev were measured following the same criteria as for the 

SA specimens. 

 

4.3. Simulated localized environments 

4.3.1. Galvele’s critical acidification model 

Galvele’s critical acidification model [8], described in Equation 2.5, can be used to estimate 

the Ecrit when the concentration of aggressive specimens in the electrolyte is known. 

Henceforth, to simplify the model, Einh is considered negligible to the contribution of Ecrit [3]. 

Although this assumption was arbitrary, it is considered acceptable as the Ecrit value estimated 

in this manner is more conservative, i.e., lower Ecrit. Thus, Ecrit can be expressed as: 

 Ecrit = Ecorr
* + η + ϕ             (4.1)                                                                                                     

The ohmic potential drop term was estimated after Bocher et al. (Equation 4.2) [3, 97]: 

           (4.2)                                                                                                            

where ρ is the resistivity of the solution and is assumed to be 10 Ω·cm [97], w is the crevice 

gap which was given a value of 1 μm [3], x is the diffusion distance considered to be 10-4 cm 

[129], and icrit was obtained from the pit stability product (Equation 4.3) [130]: 

 x·icrit = k          (4.3)                                                                                                                         
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where k is a constant that is function of the metal and pH of the solution. In this work and based 

on Kappes et al., the value of 10-6 A/cm was adopted [129]. Equations 4.2 and 4.3 yield an icrit 

= 10-2 A/cm2 and ϕ = 5 µV. Since the ϕ << Ecorr
*, Ecrit can be simplified to: 

 Ecrit = Ecorr
* + η                 (4.4)                                                                                                      

Ecorr
* can be found by measuring the corrosion potential in an electrolyte simulating the inside 

of a corroding pit or crevice. Consequently, the Ecrit can be obtained from Equation 4.4 by 

performing anodic potentiodynamic polarizations in crevice-like-solutions and obtaining the 

Ecorr and η (i.e., the applied overpotential needed to reach icrit = 10-2 A/cm2).  

 

4.3.2. Anodic potentiodynamic polarizations in crevice-like-solutions 

Two different solutions simulating crevice corrosion environments were used: (i) 1M HCl, 

used as a reference solution for 0 pH; and (ii) 7M LiCl (chosen from the results of Kappes et 

al. [3]) adjusted to 0 pH by adding concentrated HCl following the relationship between H+ 

and Cl- activity coefficients given by Bocher et al. [97]. The pH value of both solutions was 

confirmed to be 0 by titration with 1N NaOH (supplied as reagent of the European 

Pharmacopoeia [131]) and phenolphthalein as pH indicator, since pH-meters are not able to 

measure extreme pH values accurately [132, 133].  

Anodic potentiodynamic polarizations were performed in a 3-electrode set-up, with an 

Ag/AgCl KCl saturated reference electrode and a Pt mesh as counter electrode. The tests were 

performed in an Avesta cell [91] with a working electrode area of 1.54 cm2. The original Avesta 

cell was designed specifically to prevent crevice corrosion during testing [91]. This is achieved 

by adding a piece of filter paper below the sealing in contact with the specimen. During the 

test, this filter paper is wetted with fresh distilled water to avoid an aggressive acidic 

environment below the sealing that could provide an initiation point for crevice corrosion. The 

distilled water is pumped into the cell by a peristaltic pump which provides a low flow. The 

original Avesta cell does not include an outlet for the distilled water out of the cell. Instead, it 

connects the distilled water vent to the main chamber where the electrolyte is placed as 

illustrated in Figure 4-4a. Nevertheless, dilution of the electrolyte is negligible due to the low 

flow provided by the peristaltic pump [91]. Many studies have used the Avesta cell to 

successfully prevent crevice corrosion during testing and it is becoming a popular 

electrochemical cell nowadays [5, 90, 91, 134-137]. 
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In this study, after performing some tests with the original Avesta cell, its design was changed. 

The main reason for this change was that the minimum flow provided by the peristaltic pump 

during the anodic potentiodynamic polarizations was high enough to cause a significant change 

in the volume of the electrolyte, implying that the dilution of the solution was not negligible. 

The modified Avesta cell (Figure 4-4b) solved this problem. By opening a new vent, the 

distilled water outlet is placed outside the cell, not into the electrolyte. Consequently, the 

distilled water flow does not affect the solution and the set-up prevented successfully crevice 

corrosion. 

OCP was monitored for 1 hour once the specimen was in contact with the deaerated solution, 

followed by the anodic potentiodynamic polarization with a sweep rate of 0.167 mV/s, starting 

at OCP and ending at 1.2 VAg/AgCl. The tests were performed at different temperatures: room 

temperature (22±1°C), 40°C, 50°C and 60°C. A water bath connected to the jacketed cell was 

used to control the temperature of the solution, except for the room temperature condition 

which corresponded to the actual room temperature. 

The solution was purged with N2 gas for 1 hour before immersion of the specimen. Since the 

test specimen in the Avesta cell is placed at the bottom of the cell (Figure 4-4), the solution 

was pre-deareated in an external glass container. This glass container was connected to the 

interior of the Avesta cell with a valve as illustrated in Figure 4-5. The interior of the Avesta 

cell was simultaneously deaerated to avoid the deaerated solution to have contact with air. An 

optical O2-meter was used to monitor the dissolved oxygen concentration in the solution during 

the test and to verify that the oxygen concentration was lower than 10 ppb from the moment 

the specimen came in contact with the solution. A condenser glass tube filled with cold water 

(10°C) was placed at the inlet/outlet of the N2 gas to avoid evaporation of the solution during 

the test. 
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Figure 4-4. (a) Avesta cell and (b) modified Avesta cell sample holder design.  
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Figure 4-5. Full electrochemical test set-up showing the glass vessel employed to deaerate the electrolyte before 

introducing it into a pre-deaerated Avesta cell. 
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ATTACK CHARACTERIZATION  

 

 

  

This chapter includes the experimental procedure following the 

corrosion tests to analyze the specimens and characterize the 

corrosion attacks. 
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5.1. Light optical microscopy 

An IFM was used as an optical microscope to capture the full surface of the specimen after the 

corrosion tests. An overview of the extension of corrosion was the result of this procedure, as 

in the example illustrated in Figure 5-1. 

 

 

Figure 5-1. LOM capture of UNS S39274 specimen after crevice corrosion test with the PD-GS-PD technique in 

3.5 wt.% NaCl at 60°C. Circles indicate crevice corrosion attacks identified with the IFM. 

 

The IFM is a 3D microscopy technique allowing the measurement of the depth of the attacks. 

Thereby, the individual number of attacks were quantified and characterized by measuring the 

maximum depth. Figure 5-2 shows an example of the characterization performed in the IFM to 

a corrosion attack in UNS S32760 after the PD-GS-PD test in 3.5 wt.% NaCl at 60°C. The 

characterization includes a normal optical capture of the attack (Figure 5-2a), visualization of 

the attack with a color depth scale (Figure 5-2b), and the profile of the cross-section of the 

attack (Figure 5-2c). The maximum depth of the attack was measured from the cross-section 

profile. However, due to the irregular shape of the corrosion attacks, the area and the volume 

could not be measured with the IFM.  

A commercial image analysis software called MountainsMap [138] was used to measure the 

area and volume of the corrosion attacks by importing the 3D image from the IFM. The 
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maximum depth was also measured and compared with the value calculated with the IFM, 

which resulted in only minor variations for large attacks that could be negligible.  

An example of the characterization carried out with MountainsMap of the same corrosion 

attack as in Figure 5-2 is shown in Figure 5-3. In a similar manner as the IFM, MountainsMap 

shows the image in a color depth scale (Figure 5-3a), and can also show the attack in 3D (Figure 

5-3b). Nevertheless, the main feature is the area and volume calculation which is performed by 

delimiting the outline of the attack (Figure 5-3c). Then, the software identifies which points of 

the image are above the surface of the material, indicated by a reference plane in Figure 5-3a 

and which point are below the surface. The points above the surface are measured as peaks, 

whereas the points below the surface are measured as holes. In Figure 5-3c, the total area, 

volume and maximum depth of the corrosion attack are calculated as the values from the 

“Hole”.  

 

 

Figure 5-2. IFM characterization of a crevice attack in UNS S32760 after PD-GS-PD testing in 3.5 wt.% NaCl 

at 60°C: (a) normal optical capture, (b) optical color depth visualization, and (c) cross-section of the attack. 
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Figure 5-3. MountainsMap characterization of the same crevice attack as Figure 5-2: (a) optical color depth 

visualization, (b) 3D view of the corrosion attack, and (c) area, volume and maximum depth calculation. 

  

5.2. SEM and EDS 

In some cases, the corrosion attacks were analyzed in SEM to observe the initiation of the 

localized attack, or to analyze the morphology of the attack, i.e., whether γ and α were 

uniformly dissolved or, otherwise, one phase was selectively corroded. In the latter case, the 

EDS, by means of the point analysis tool, was used to identify which phase was selectively 

dissolved by measuring the chemical composition. At least 5 measurements were performed 

per phase and picture. The identification was sufficient with the EDS as γ is richer in Ni, 

whereas α is richer in Cr, Mo and W as was seen in Table 3-4.  
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5.3. Chemical dissolution 

The solution at the end of selected tests was collected and stored in plastic containers. The 

samples were brought to the Department of Chemistry at NTNU where the chemical 

composition was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  

Congruent or incongruent dissolution for each element, M, was determined from the ICP-MS 

results by means of the dissolution ratio (d’M). This parameter is defined as the ratio between 

the dissolution measured by ICP-MS (dM.experimental) and the dissolution required to be 

considered congruent (dM.congruent) with respect to the dissolution of Fe, which is the base 

element for the SDSS materials studied in this thesis. Thereby, d’M is calculated according to 

Equation 5.1: 

 𝑑′𝑀 =
𝑑𝑀.𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑑𝑀.𝑐𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑡
=

𝑑𝑀
𝐶𝑀∙𝑑𝐹𝑒

𝐶𝐹𝑒

          (5.1)                                                                                       

Where dM is the dissolution quantity of metal M measured by ICP-MS, CM is the concentration 

in solid solution of metal M in the material (shown in Table 3-1), CFe is the concentration in 

solid solution of Fe in the material (shown in Table 3-1), and dFe is the dissolution quantity of 

Fe obtained by ICP-MS for the same condition as that of the measured metal M.  

Consequently, if d’
M > 1, the metal M was selectively dissolved compared to the bulk material. 

If d’
M < 1, the metal M was concentrated at the surface of the specimen. Finally, if d’

M = 1, the 

metal M uniformly corroded with the bulk of the material, i.e., the dissolution was congruent. 
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CHAPTER 6: SUMMARY OF THE 

JOURNAL PAPERS 

 

  

This chapter includes an overview of the main objective of each 

journal paper included in the Appendix, in addition to a schematic 

view of the experimental procedure followed to achieve the goal of 

each paper and the main results and conclusions. 
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6.1. Paper I  

6.1.1. Introduction 

Paper I, with the title: “The Role of Tungsten on the Phase Transformation Kinetics and its 

Correlation with the Localized Corrosion Resistance of 25Cr Super Duplex Stainless Steels”, 

was published in Journal of The Electrochemical Society and is included in the Appendix.  

The main objective of Paper I was to determine the effect of W on precipitation kinetics of 

deleterious phases, quantify their volume fraction and correlate the quantification with the 

localized corrosion resistance of the materials. Consequently, the experimental procedure 

consisted of isothermally aging the three SDSSs shown in Table 3-1 and correlate the volume 

fraction of tertiary phase precipitation (explained in Chapter 3) with a CPT test (explained in 

section 4.1). Some statistical analyses were performed to study the correlation between volume 

fraction of intermetallic precipitates and CPT values. Figure 6-1 illustrates the schematic 

experimental procedure followed for Paper I. 

 

Figure 6-1. Schematic experimental procedure followed in Paper I to correlate the volume fraction of tertiary 

phases with the corrosion resistance. 
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6.1.2. Results and discussion 

The volume fraction of tertiary phase precipitates for all the Txty for the three SDSSs were 

shown in TTT diagrams in Chapter 3 (Figure 3-5 to Figure 3-7). Visual Time-Temperature-

Transformation-Corrosion (TTTC) diagrams were constructed from the TTT diagrams by 

including on top of each circle the minimum CPT value measured from the CPT test described 

in section 4.1.  

Comparing the TTTC of the three SDSSs, the tertiary phase precipitation kinetics differed 

greatly depending on the W content in solid solution. The SDSS with 0.6 wt.% W content had 

the fastest σ-phase precipitation kinetics, as this deleterious phase precipitated at shorter times 

and in higher quantity than for the other SDSSs. In contrast, the SDSS with 2.1 wt.% W had 

the slowest σ-phase precipitation kinetics, as σ-phase only precipitated at longer IHT times. 

Additionally, UNS S39274 preferentially nucleated χ-phase, instead of σ-phase being the main 

precipitate as in the other two SDSSs. The total density of intermetallic phases was reduced for 

UNS S39274 in comparison with the other two SDSSs. 

The CPT values were correlated to the vol.% of the deleterious phases, since CPT decreased 

with the increment of intermetallic phases precipitated in the microstructure. The initiation of 

the localized attack differed depending on the type of tertiary phase present in the 

microstructure. In specimens with tertiary phase precipitation, the attacks initiated in the 

vicinity of the precipitates, the well-known depleted zone. Thereby, localized attacks initiated 

in the secondary austenite generated next to σ-phase or next to χ-phase. In specimens with no 

tertiary phase precipitation, the initiation of the attacks followed a random nature. 

The two-way ANOVA with replication and the Post-Hoc tests performed on the CPT values 

of all IHT indicated the vol.% of tertiary phases that caused the largest drop in CPT. UNS 

S32750 and UNS S32760 experienced the largest drop in CPT at shorter times at 846°C IHT. 

The time was the same for the three materials at 790°C IHT, whereas UNS S39274 had the 

critical shortest time at 920°C IHT. Nevertheless, this latter case was due to the minor CPT 

drop for UNS S39274 isothermally aged at 920°C causing the CPT reduction to 60ºC to be the 

largest experienced by this material. In contrast, UNS S32750 and UNS S32760 suffered a 

larger reduction in CPT, 25°C and 20°C, respectively, at 920°C IHT. These results indicate 

that UNS S39274 showed the highest corrosion resistance of the three SDSSs. 
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6.1.3. Main conclusions 

• Precipitation kinetics of deleterious phases differed greatly depending on the W content 

of the material. 2.1 wt.% W retarded σ-phase precipitation by promoting χ-phase 

nucleation, in addition to a reduction in the total volume of intermetallic phases. On the 

other hand, 0.6 wt.% W accelerated σ-phase precipitation and obtained the higher 

precipitation density of tertiary phases. 

• There exists a W content range in IHT materials within which W decreases and retards 

intermetallic phase precipitation. Outside this range, σ-phase precipitation is 

accelerated, and the total density of deleterious phases increases. 

• Total density of tertiary phases was strongly correlated to the localized corrosion 

resistance of the material determined by the CPT values. Effect of σ- or χ-phase on the 

CPT values could not be isolated, but the decrease of CPT seemed more drastic on the 

specimens with higher σ vol.% than χ. 

• 1 vol.% of tertiary phase precipitation was sufficient to cause a drastic reduction in the 

CPT. Critical vol.% of deleterious phases was dependent on IHT temperature; higher 

vol.%, the higher the temperature. 

 

6.2. Paper II 

6.2.1. Introduction 

Paper II, with the title: “Crevice Corrosion of Solution Annealed 25Cr Duplex Stainless Steels: 

Effect of W on Critical Temperatures”, was submitted to Corrosion Science and is included in 

the Appendix.  

The main objective of this paper was to quantify the crevice corrosion resistance of SA 

materials as a function of their W content. Consequently, the PD-GS-PD technique (explained 

in section 4.2.2) was employed in the three SDSSs included in Table 3-1. Additionally, UNS 

S39274 as rolled plate from Haugan et al. [6] was included to study the influence of the product 

form on the corrosion resistance of SDSS. The UNS S39274 plate was 100 mm by 150 mm by 

9.5 mm, and disc specimens with 3 mm thickness and a diameter of 30 mm (same size as for 

the UNS S39274 samples from the extruded pipe (see section 3.1.1)) were machined. Multi-

crevice assembled test specimens were used (see section 4.2.1).  Table 6-1 summarizes the 

chemical composition obtained by EDS of all the materials used in this part of the work.  
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Table 6-1. Chemical composition in wt.% and PRE-values. 

Material 

(UNS) 

PREN/ 

PREN,W 
Si Mn Cu Ni Cr Mo N W Fe 

S32750 43 / 43 0.27 0.51 0.14 6.42 25.6 3.83 0.30 - 62.9 

S32760 41 / 42 0.50 0.60 0.60 7.1 25.2 3.6 0.25 0.62 61.5 

S39274 

extruded pipe 
40 / 43 0.24 0.71 0.52 6.3 24.9 3.1 0.29 2.1 61.8 

S39274 

rolled plate 
40 / 43 0.20 0.71 0.48 7.6 24.6 2.9 0.35 2.1 61.1 

 

The second objective of this paper was to verify the crevice corrosion resistance results 

obtained by the PD-GS-PD technique. With this aim, the materials were exposed long-term in 

natural seawater as explained in section 4.2.3. However, only SA specimens of UNS S32750 

and UNS S39274 extruded pipe were tested at two constant potentials: (i) OCP, and (ii) +600 

mVAg/AgCl. Figure 6-2 illustrates the schematic experimental procedure followed for Paper II. 

 

Figure 6-2. Schematic experimental procedure followed in Paper II to quantify the corrosion resistance of the 

materials and validate the results in natural seawater. 
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6.2.2. Results and discussion 

The same ER,Crev values were measured with the two iGS and with the two repassivation criteria 

used. The temperature at which ER,Crev experienced a sudden drop to lower potentials is 

considered the TR,Crev. In this manner, the TR,Crev was 40°C, 50°C,  55°C and 60°C for UNS 

S32750, UNS S32760, UNS S39274 extruded pipe and UNS S39274 rolled plate, respectively. 

TR,Crev increased with the content of W in solid solution of the materials. Additionally, the 

rolled plate product form obtained slightly higher TR,Crev than the extruded pipe, even though 

their chemical compositions were similar and had equal PREN and PREN,W.  

The total number of attacks found on the specimens was quantified. The density of attacks was 

approximately constant for UNS S32760, also for temperatures above TR,Crev. UNS S32750 had 

the highest number of attacks for all temperatures, whereas the amount of attacks only 

increased at temperatures higher than TR,Crev for UNS S39274. Nevertheless, CCT was not 

reached for any of the temperatures for any material. Consequently, the crevice corrosion 

initiated in all cases due to transpassive dissolution, since all specimens reached potentials 

higher than the oxygen evolution reaction during the GS step.  

The volume, area and maximum depth of all localized attacks on the specimens were measured 

and compared with the corresponding ER,Crev or transpassive potential (ETrans) measured with 

the PD-GS-PD technique for the specimens. The results indicated that the transpassive attack 

needed to reach a specific size, xCrit,Trans, before it stabilized and became a crevice corrosion 

site. Consequently, xCrit,Trans was quantified as the deepest attack in specimens with 

repassivation potential within the transpassive region, i.e., ETrans. The higher the W content in 

the material, the deeper the xCrit,Trans, in addition to an increase in temperature at which xCrit,Trans 

was observed. 

SEM characterization showed that all attacks started at the phase boundary. Afterwards, the α-

phase was selectively corroded. As the attacks grew, γ started dissolving and, finally, both 

phases were completely dissolved as the attack deepened.  

From the natural seawater exposure, the CCT results obtained for the SA samples polarized to 

+600 mVAg/AgCl were approximately the same as the TR,Crev obtained with the PD-GS-PD 

technique.  
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6.2.3. Main conclusions 

• The TR,Crev measured by the PD-GS-PD method increased with increased W content in 

solid solution. Therefore, UNS S39274 showed the best corrosion resistance among the 

three SDSSs.  

• The product form influenced the localized corrosion resistance. The rolled plate 

material obtained slightly higher TR,Crev than the extruded pipe material, although the 

reason is unknown. 

• The crevice attack initiated at α/γ boundaries. In all cases, α selectively corroded; 

whereas dissolution of γ occurred at a later stage during crevice propagation. 

• The CCT values obtained in the long-term natural seawater exposure polarized to +600 

mVAg/AgCl were approximately the same as the TR,Crev measured with the PD-GS-PD 

technique. 

 

6.3. Paper III 

6.3.1. Introduction 

Paper III, with the title: “Use of the Critical Acidification Model to Estimate the Influence of 

W in the Localized Corrosion Resistance of 25Cr Super Duplex Stainless Steels”, was 

submitted to Electrochimica Acta.  

 

Figure 6-3. Schematic experimental procedure followed in Paper III to estimate Ecrit with Galvele’s critical 

acidification model and compare with ER,Crev values from Paper II. 
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The main objective of this paper was to analyze the role of W in localized corrosion 

environments by estimating Ecrit according to Galvele’s critical acidification model and 

compare the values with ER,Crev from Paper II. UNS S32750 (W-free) and UNS S39274 (2.1 

wt.% W) from Table 3-1 were tested in this part of the project. See section 3.1.1. for more 

information about the two materials. The specimens were SA as described in section 4.2.1, 

although the specimens were not tested in a multi-crevice assembly. Figure 6-3 illustrates the 

schematic experimental procedure followed for Paper III. 

 

6.3.2. Results and discussion 

The modified Avesta cell avoided successfully crevice corrosion as no attacks were seen on 

the edges of the specimens. Additionally, the surface of the specimens did not suffer corrosion 

in the 1N Cl- environment, whereas uniform corrosion was seen for the specimens exposed in 

the 7N Cl- solution. 

The dissolution attack differed between the two SDSSs after testing in 7M LiCl at 60ºC. The 

surface of UNS S32750 was uniformly corroded, whereas α-phase was selectively corroded in 

UNS S39274.  

The dissolution ratio of each element was calculated from the average concentration measured 

by ICP-MS. All elements dissolved congruently in 1N Cl-, corroborating the hypothesis that 

the dissolution of the elements occurred mainly at transpassive potentials. Contrarily, in 7M 

LiCl, W dissolution ratio (d’W) indicated that the only element that dissolved incongruently 

was W, indicating a possible enrichment of W on the surface as d’W < 1. According to Pourbaix 

[139], W is able to form a passive WO3 film in the actual test conditions (pH = 0). A yellow 

reflection (the color of WO3 [139]) was observed on the UNS S39274 specimens at the end of 

test. Nevertheless, at 60ºC, the calculated d’W had its largest value, i.e., the ratio of dissolved 

W increased; even though all elements (including W) released less amount of metallic cations. 

Additionally, no enrichment of W was detected by EDS, most probably because the enrichment 

film might be too thin for this technique. More surface-sensitive techniques such as x-ray 

photoelectron spectroscopy (XPS) or Auger electron spectroscopy (AES) are needed to verify 

the W enrichment on the surface of the UNS S39274 specimens. 

Applying Galvele’s model as described in section 4.3.1, Ecrit was calculated and showed 

approximately the same value at all temperatures in both solutions. In 1M HCl, all Ecrit were 
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ETrans, since the potentials were more positive than the oxygen evolution reaction and within 

the transpassive region [139]. In 7N Cl- environment, the two SDSSs differed in Ecorr
* and η, 

balancing each other and, thus, obtaining similar low Ecrit values. Only at 60ºC, UNS S39274 

obtained an estimated Ecrit approximately 100 mV more noble than UNS S32750. This 

difference was due to a more noble η in the W-rich material, indicating that the improvement 

in corrosion resistance was due to a lower dissolution rate [101].  

According to Kendall’s correlation coefficient, in 1N Cl- environment, all d’M followed the 

same trend and were correlated to the estimated theoretical Ecrit. However, Kendall’s 

coefficient indicated that dissolution of W in 7M LiCl did not depend on Ecrit. All the other 

elements increased the quantity of ions released as the Ecrit decreased in 7M LiCl.  

In summary, Kendall’s coefficient, together with the reduction of EFlade, imax and the dissolution 

quantity of all elements in 7M LiCl at 60ºC, indicated that W played an important role in 

improving corrosion resistance of SDSS, which was indicated by the shift of η to more noble 

values. 

The Ecrit values obtained at room temperature for UNS S32750 in this work and by Kappes et 

al. [3] differed 70 mV. For UNS S32750, the theoretical Ecrit estimated in this work was similar 

to the ER,Crev obtained in neutral-chloride environment for T ≥ 50 ºC. On the other hand, Ecrit 

was similar to ER,Crev for UNS S39274 only at 60ºC. Considering the TR,Crev values obtained in 

the neutral-chloride environment in Paper II, 40ºC and 55ºC for UNS S32750 and UNS 

S39274, respectively, the estimated Ecrit calculated with Gavele’s critical acidification model 

was similar to ER,Crev for temperatures  > TR,Crev. 

 

6.3.3. Main conclusions 

• None of the materials suffered corrosion at 0 pH in the presence of 1N Cl-. In 7N Cl- 

solution, active stable propagating attacks were seen. 

• In 7M Cl- environment and 0 pH, the W-free material suffered uniform corrosion, 

whereas only α dissolved in UNS S39274. 

• Lower iFlade and EFlade values obtained on UNS S39274 in 7N Cl- at 60ºC indicated an 

enhancement of localized corrosion resistance due to W reducing the dissolution rate 

of the material, proven by the reduction of the released metallic cations measured by 

ICP-MS, the increment of η, and the incongruent dissolution of W suggesting 
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enrichment on the surface. Additionally, statistical analyses indicated that W was the 

only element in 7N Cl- to be independent of the estimated Ecrit. 

• The estimated Ecrit with Galvele’s critical acidification model was independent of the 

temperature, inferring a significant role of passive film stability below critical 

temperatures according to Li-Scully-Frankel framework. Additionally, the values of 

Ecrit were in good agreement with the ER,Crev measured with the PD-GS-PD in neutral-

chloride environment for T > TR,Crev.  
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CHAPTER 7: VALIDATION OF 

CORROSION RESISTANCE 

RESULTS IN NATURAL 

SEAWATER 

 

  This chapter includes the experimental procedure, results and main 

conclusions obtained from the investigation regarding crevice 

corrosion during long-term exposure of the specimens in natural 

seawater. Some information of this chapter is included in more detail 

in Paper II in the Appendix. 
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7.1. Introduction 

In this part of the study, only UNS S32750 (W-free) and UNS S39274 (2.1 wt.% W) from 

Table 3-1 were investigated. See section 3.1.1. for more information about the two materials. 

The main objective of this study was to verify the corrosion resistance obtained with the CPT 

test and the PD-GS-PD technique in Paper I and Paper II, respectively. Figure 7-1 illustrates 

schematically this part of the study from the outline of the thesis (from Figure 1-1). 

 

Figure 7-1. Schematic outline of Chapter 7 within the thesis. 

 

7.2. Experimental method 

The specimens were SA as described in section 4.2.1. Additionally, two IHT conditions were 

chosen from the investigation performed in Chapter 3. The IHT conditions were T2t3 and T2t4 

corresponding to 846ºC IHT for 120 s and 240 s, respectively, as they differed greatly regarding 

vol.% of tertiary phases and CPT for the selected materials as seen in Table 7-1. Therefore, 

some specimens were isothermally aged at T2t3 and T2t4 following the same procedure as 

explained in section 3.1.2. After the corresponding heat treatment, the specimens were prepared 

following steps 1 and 6 (section 3.1.3) and assembled in a multi-crevice set-up as explained in 

section 4.2.1. 

The corrosion test procedure was explained in detail in section 4.2.3. Each IHT condition was 

tested in duplicate to check repeatability. 
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Table 7-1. UNS S32750 and UNS S39274 characterization for T2t3 and T2t4 IHTs from Paper I. 

UNS Txty σ vol.% χ vol.% CPT (°C) 

S32750 

T2t3 0.04 0.03 70 

T2t4 0.3 - 50 

S39274 
T2t3 - - 75 

T2t4 - 0.04 65 

 

Table 7-2. CCT and TR,Crev values obtained in the long-term exposure test in natural seawater. 

Material (UNS) IHT Potential CCT (°C) TR,Crev (°C) 

S32750 

 

SA 

 OCP > 80 - 

+300 mVAg/AgCl 80 42.5 

+600 mVAg/AgCl 45 42.5 

T2t3 
 OCP > 80 - 

+600 mVAg/AgCl 65 52.5 

T2t4 

 OCP > 80 - 

+600 mVAg/AgCl 40 30 

S39274 

SA 

OCP > 80 - 

+300 mVAg/AgCl > 80 - 

+600 mVAg/AgCl 55 50 

T2t3 
 OCP > 80 - 

+600 mVAg/AgCl 65 62.5 

T2t4 

 OCP 75 65 

+600 mVAg/AgCl 50 32.5 
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7.3. Results and discussion 

Table 7-2 summarizes the results, where the lowest CCT and TR,Crev values obtained for each 

condition are reported. The monitored OCP and current density during exposure of one SA 

specimen for each material at OCP and +600 mVAg/AgCl with indications of determination of 

CCT and TR,Crev are shown in Figure 7-2. Figure 7-3 shows images captured by LOM of some 

specimens after the tests. 

 

Figure 7-2. CCT and TR,Crev tests in natural seawater of one specimen of (a) UNS S32750 at OCP, (b) UNS 

S39274 at OCP, (c) UNS S32750 polarized to +600 mVAg/AgCl, and (d) UNS S39274 polarized to +600 mVAg/AgCl, 

the picture inserts show a specimen after exposure to illustrate the attack.  

  



 

75 

 

Chapter 7: Validation of Corrosion Resistance Results in Natural Seawater 

 

Figure 7-3. Crevice assembled specimens after exposure in natural seawater of (a) T2t4 UNS S32750 at OCP, 

(b) SA UNS S32750 polarized to +300 mVAg/AgCl, (c) SA UNS S32750  polarized to +600mVAg/AgCl, (d) T2t3 UNS 

S39274 at OCP, (e) SA UNS S39274 polarized to +300mVAg/AgCl, and (f) T2t4 UNS S39274 polarized to 

+600mVAg/AgCl. The hole in the middle measures 7 mm for all the specimens. 

 

The CCT and TR,Crev values showed a clear trend as a function of potential: the higher the 

applied polarization potential, the lower the CCT and TR,Crev. The specimens freely exposed, 

i.e., at OCP, did not suffer crevice corrosion as seen in Figure 7-3a and Figure 7-3d, even 

though some localized attacks were found using LOM on the samples after testing. The only 

exception was UNS S39274 IHT at T2t4 which obtained a CCT of 75ºC and a TR,Crev of 65ºC. 

This result contradicts the CPT value shown in Table 7-1, which was higher for UNS S39274. 

This was the only condition where the CCT and TR,Crev were lower for UNS S39274 than for 

UNS S32750. In all other cases, UNS S32750 showed a lower crevice corrosion resistance. For 

instance, for the SA specimens polarized to +300 mVAg/AgCl, UNS S32750 suffered crevice 

corrosion whereas UNS S39274 did not initiate up to 80ºC. Similarly, UNS S39274 SA 

specimens polarized to +600 mVAg/AgCl obtained a 10ºC increase in CCT and 7.5ºC increase in 

TR,Crev compared to UNS S32750. Likewise, UNS S39274 IHT to T2t4 and polarized to +600 

mVAg/AgCl obtained a 10ºC increase in CCT and a 2.5ºC increase in TR,Crev compared to UNS 

S32750. This is in agreement with the results from Paper I and Paper II, where the CPT for the 

IHT specimens and the TR,Crev for the SA specimens were always higher for the UNS S39274 

than for the UNS S32750. Additionally, the results obtained in this case for the SA samples 

polarized to +600 mVAg/AgCl were approximately the same as the TR,Crev obtained with the PD-

GS-PD technique in Paper II.  
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Higher temperature values were unexpectedly obtained for T2t3 specimens compared to SA 

specimens polarized to +600 mVAg/AgCl as shown in Table 7-2. The only difference between 

the two test conditions was the start temperature of the test. For the SA specimens, the exposure 

started at 40ºC, whereas the T2t3 specimens started at 20ºC. According to Bardal et al. [140], 

stainless steel corrosion resistance increases with exposure time in natural seawater. This 

behavior was correlated to an enhancement of the oxide layer, although Bardal and coauthors 

did not detail the exact mechanism. UNS S39274 IHT at T2t3 had a SA microstructure, i.e., no 

presence of tertiary phases as seen in Table 7-1. Therefore, it is plausible that a thicker and 

stronger passive layer could shift the CCT and the TR,Crev approximately 10ºC as shown in 

Table 7-2. However, UNS S32750 IHT at T2t3 included some tertiary phase precipitation in 

the microstructure as indicated in Table 7-2. This should indicate a reduced corrosion resistance 

compared to SA condition. 

 

7.4. Main conclusions 

• In general, 2.1 wt.% W showed better localized corrosion resistance proven by higher 

CCT and TR,Crev values than the W-free material. 

• More positive applied potential, lower the CCT and TR,Crev values. 

• The CCT values measured in SA condition at +600 mVAg/AgCl for both materials were 

very close to the TR,Crev values measured by PD-GS-PD in Paper II; validating the PD-

GS-PD methodology to measure critical temperature values by means of TR,Crev. 
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CHAPTER 8: GENERAL 

CONCLUSIONS 

 

  This chapter includes general conclusions obtained from all 

investigations on the effect of W on the localized corrosion resistance 

of SDSS. 
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8.1. Conclusions 

In this thesis, three SDSSs with different W content in solid solution were compared to 

investigate the role of W as alloying element in SA and IHT specimens. Simulated and natural 

neutral-chloride environments and artificial acidic-chloride solutions simulating the localized 

corrosion environment were used in this study. Different techniques based on potentiodynamic 

and temperature scans were employed to compare and validate the results. Finally, the 

following conclusions were drawn from this thesis: 

• W retarded and reduced the precipitation of tertiary phases within a given W range (e.g. 

2.1 wt.%). Outside this range (e.g. 0.6 wt.%), W accelerated σ precipitation and the 

total density of deleterious phases increased. 

• Localized corrosion resistance was strongly correlated to the tertiary phase vol.%. 

Effect of σ or χ on the CPT values could not be isolated, but the decrease in CPT seemed 

more drastic on those specimens with higher σ vol.% than χ. 

• 1 vol.% of tertiary phase precipitation was sufficient to cause a drastic reduction of the 

CPT in some IHT conditions. However, the critical vol.% of deleterious phases 

inducing a significant drop of CPT depended on IHT temperature. At higher IHT 

temperatures, larger vol.% of intermetallic phases were required to provoke a 

significant decrease of CPT. 

• CCT and TR,Crev determined with the PD-GS-PD technique and long-term immersion 

testing in natural seawater increased with the W content in the material. The difference 

in value with the W-free material was between 7.5 and 15ºC, depending on the 

technique used. 

• TR,Crev measured with the PD-GS-PD technique obtained similar values as the CCT 

measured in the long-term immersion test in natural seawater. The difference was in 

the range 2.5 and 5ºC, depending on the material. 

• The crevice corrosion attacks initiated at the phase boundaries between γ and α, 

followed by selectively corrosion of α. Dissolution of γ occurred at a later stage of the 

propagation. 

• A minor difference in crevice corrosion resistance was measured by the PD-GS-PD 

technique between the two product forms of UNS S39274, resulting in a higher 

corrosion resistance for rolled plate samples. 
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• Dissolution rate of UNS S39274 (2.1 wt.% W) was significantly reduced at 60ºC in a 

propagating attack environment most probably due to W, as indicated by Galvele’s 

critical acidification model and quantity of metallic cations released by the material. 

 

8.2. Future work 

There are still many questions regarding the role of W on localized corrosion resistance that 

have not been resolved. Therefore, further investigation would be needed to address this topic. 

Below are some suggestions: 

• Investigation of the precipitation kinetics of commercially available SDSS with higher 

W content, to study if there is an upper limit to the optimal W content range. 

• Investigate the corrosion performance of welds and correlate the results with the IHT 

data obtained in Paper 1. 

• Testing UNS S32760 in natural seawater, to determine whether there is a W content 

range in SA conditions. 

• Testing UNS S32760 in simulated localized corrosion environments to determine 

whether the W content plays a different role in an active pit/crevice. 

• Testing a W-free material (like UNS S32750) in a solution containing tungstates to 

study the role of W dissolved in the solution. 

• Analyzing the passive layer of the SDSS to study whether the oxide layer includes W. 

• Investigate the composition and properties of the passive layer as function of 

temperature and exposure time in a corrosive solution. 

• Using Synchrotron based techniques to study in-situ passivity breakdown. 

• More detailed investigation of the effect of other alloying elements whose quantities 

were not exactly the same in the three SDSSs studied in this thesis. Especially elements 

such as Cu that could contribute to the corrosion resistance of the material. 

• Performing tribocorrosion tests to study the repassivation role of W. 
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In the Appendix, the three peer-reviewed papers (one published, two 

submitted) and the two conference proceedings are included. 



 

96 

 

  



 

97 

 

 

 

 

 

 

PAPER I 

The Role of Tungsten on the Phase Transformation Kinetics and 

its Correlation with the Localized Corrosion Resistance of 25Cr 

Super Duplex Stainless Steels 

 

 

 

 

 

 

 

 

C. Torres, M. S. Hazarabedian, Z. Quadir, R. Johnsen, M. Iannuzzi 

Journal of The Electrochemical Society, 167 (2020), 081510 

DOI: 10.1149/1945-7111/ab90af 



 

98 

 

 

  





































 

116 

 

 

  



 

117 

 

 

 

 

 

 

PAPER II 

Crevice Corrosion of solution annealed 25Cr duplex stainless 

steels: Effect of W on critical temperatures 

 

 

 

 

 

  

C. Torres, R. Johnsen, M. Iannuzzi 

Accepted for publication in Corrosion Science 

(date: 29.09.2020) 



 

118 

 

 

  



 

119 

 

Crevice Corrosion of solution annealed 25Cr duplex stainless steels: Effect of W on 

critical temperatures. 

Cristian Torres a,*, Roy Johnsen a, Mariano Iannuzzi a,b 

a Department of Mechanical and Industrial Engineering, Norwegian University of Science 

and Technology, Richard Birkelands veg 2b, 7491, Trondheim, Norway 

b Curtin Corrosion Centre, Curtin University, GPO Box U1987, Perth, WA, 6845, Australia 

*Corresponding author:  

E-mail address: cristian.torres@ntnu.no 

Phone number: +47 45126703 

Abstract  

In this work, the influence of tungsten on the crevice corrosion resistance of three super 

duplex stainless steels (SDSS) containing 0.0, 0.6, and 2.1 wt.% W was determined. The PD-

GS-PD technique was used to estimate the critical crevice repassivation temperature by 

performing tests at different temperatures. Additionally, long-term potentiostatic experiments 

were conducted as a function of temperature in natural seawater to validate PD-GS-PD 

testing. Results showed that W improved crevice corrosion resistance as evidenced by the 

higher initiation and repassivation crevice temperatures, which were 7.5 to 15 °C higher in 

the 2.1 wt.% W SDSS than in the W-free case. 

 

Keywords: A. Tungsten, A. Duplex Stainless Steel, B. PD-GS-PD, C. Crevice corrosion, C. 

Repassivation Potential  
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Abbreviations: 

CCT: Critical Crevice Temperature 

CPP: Cyclic Potentiodynamic Polarisation 

CPT: Critical Pitting Temperature 

CRA: Corrosion-resistant alloy 

Ecorr: Corrosion potential 

EP: Pitting potential 

ER: Repassivation potential 

ER,Crev: Crevice repassivation potential 

ETrans: Transpassive potential 

EDS: Energy-Dispersive X-ray Spectroscopy 

GS: Galvanostatic polarisation 

ICP-MS: Inductively Coupled Plasma Mass Spectrometry 

IFM: Infinite Focus Microscope 

iGS: Current density of galvanostatic polarisation step 

ipass: Passive current density 

OCP: Open circuit potential 

PD: Potentiodynamic polarisation 

PD-GS-PD: Potentiodynamic-Galvanostatic-Potentiodynamic 

PREN: Pitting Resistance Equivalent considering the N content 

PREN,W: Pitting Resistance Equivalent considering the N and W content 

PS: potentiostatic polarisation 

PTFE: Polytetrafluoroethylene 

Q: Electric charge 

Qexp: experimental electric charge 
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SA: Solution annealed 

SEM: Scanning Electron Microscope 

SDSS: Super Duplex Stainless Steel 

THE: Tsujikawa-Hisamatsu Electrochemical 

TR: repassivation temperature 

TR,Crev: crevice repassivation temperature 

α: Ferrite 

γ: Austenite 
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1. Introduction 

In the case of super duplex stainless steels (SDSS), it is known that increasing the Cr, Mo, 

and N content improves their localised corrosion resistance to chloride-containing 

electrolytes with a pH value ranging from slightly acidic to moderately alkaline [1-6]. 

Tungsten has also been shown to improve the localised corrosion resistance of SDSS, 

although the mechanisms and the extent to which W can improve pitting and crevice 

corrosion performance are still a cause of debate within the scientific community [7, 8]. 

Two different roles of W need to be considered when investigating its effect on corrosion 

resistance: (i) its influence as a solid solution element in the solution annealed (SA) 

condition; and (ii) its impact on the precipitation kinetics of deleterious phases in, e.g., 

isothermally aged materials. The scope of this work focuses on the former role, as the W 

effect on precipitation kinetics has been addressed elsewhere [8].  

Literature published so far on SA stainless steel indicates that pure W does not form a passive 

layer [9]. However, there is disagreement as to whether W contributes to passivity when it is 

added to Fe-Cr stainless steels. Belfrouh et al. [10] reported a detrimental effect of W when 

added to austenitic stainless steels in the absence of Mo; however, the authors indicated that 

when combined with Mo, W could improve pitting corrosion resistance. In contrast, Bui et al. 

[9] performed potentiodynamic polarisations of austenitic stainless steels as a function of W 

content in acid and neutral chloride-containing-electrolytes. In some conditions, the authors 

included tungstates to study the inhibition effect of W both as a solid solution element and as 

an anodic inhibitor in the electrolyte. The results showed a clear improvement in the 

corrosion resistance of the material with increasing W content, and, according to the authors, 

W was present in the passive layer in the form of WO3. The influence of W on improving 

passivity was a function of the pH of the bulk electrolyte. In acid media, W interacted with 

water to form insoluble WO3. In neutral pH, WO3 bonded to the substrate, increasing the 
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stability of the passive film. The tungstates added to the electrolyte inhibited corrosion by 

surface absorption without electrochemical reduction on the passive layer. Tomashov et al. 

[11] studied the influence of W additions from 0.18 to 2.67 wt.% to austenitic stainless steels. 

The authors obtained lower corrosion rates and higher pitting potentials (EP) as the W content 

increased. However, the 0.18 wt.% W addition worsen the corrosion resistance when 

compared with the W-free base alloy. 

For ferritic stainless steels, Ahn et al. [12] obtained a clear improvement in pitting corrosion 

resistance in neutral and acid chloride-containing electrolytes. W had the same beneficial 

effect as Mo when added at the same at.% (i.e., half the quantity of Mo in wt.%). However, 

the authors reported no synergistic effects when both elements were added together. Cho et 

al. [13] also studied ferritic stainless steels, analysing the influence of W on the repassivation 

kinetics. The authors observed a beneficial effect of W on the localised corrosion resistance 

of the materials, although an equal addition of Mo (in wt.%) had 1.6 times the effect of W, 

i.e., W and Mo would have had approximately the same beneficial influence if added at the 

same at.%. Goetz et al. [14] observed enrichment of Mo and W at the surface of ferritic 

stainless steels. However, the improvement in localised corrosion resistance was not 

attributed to this enrichment, but to a lower activity of Fe. The authors concluded that Mo had 

a higher beneficial effect than W, even at equal at.% additions.  

Habazaki et al. [15] investigated additions of Mo and W to amorphous Fe-Cr alloys. Both 

elements, although W to a greater extent, improved corrosion resistance of the materials by 

inhibiting Cr dissolution during passivity. Thereby, the passive layer was enriched in Cr and 

localised corrosion was averted. Nevertheless, when the W and Mo were added in excess (10 

at.%), the dissolution during passivation increased and the inhibiting effect was lost. 

Consequently, the results in the literature seem to indicate the existence of an optimal W 

concentration within which W improves the stability of the passive film. W might be 
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detrimental or ineffective outside this range; nevertheless, the optimal composition range is 

not well defined.  

Despite the extent of the research presented above, all these investigations focused on single-

phase stainless steels (either austenitic or ferritic) or amorphous alloys. Consequently, there is 

a lack of knowledge on the role of W on highly allowed dual-phase stainless steels such as 

duplex stainless steels. Recently, Haugan et al. [7] compared two different SDSS containing 

W, specifically 0.55 wt.% and 2.2 wt.%. The authors performed different electrochemical 

techniques to obtain the critical pitting temperature (CPT), the critical crevice temperature 

(CCT) and the repassivation temperature (TR); the later one determined based on 

repassivation potentials (ER) measured following ASTM G61 [16]. Although the authors 

found a marked improvement in crevice corrosion resistance with W content; a reference W-

free alloy was not included in the test matrix, and the samples were extracted from 

components made using different forming methods (i.e., extruded pipe vs. rolled plate). 

Additionally, the cyclic potentiodynamic polarization (CPP) technique adapted from ASTM 

G61 has limitations that need to be considered when studying highly alloyed stainless steels. 

1.1. Electrochemical techniques to determine crevice corrosion resistance 

ER and, for studies using crevice formers, ER,Crev are often obtained by means of 

potentiodynamic tests. ASTM G61 describes the CPP technique, which is the most widely 

used. The CPP technique consists of a slow potentiodynamic polarisation (PD) scan to a pre-

specified current density value. The current density value must be high enough to initiate 

localised corrosion in the forward scan. As soon as this current density value is reached, the 

direction of the polarization is reverted during the backward PD. ER is then defined as either a 

cross-over potential or when the backward scan reaches the passive current density (ipass) 

[17]. However, several studies [18-21] have indicated the dependence of ER with the extent of 

pit and crevice propagation, which can be related to the electrical charge (Q) passed during 
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the forward scan. For certain stainless steels and corrosion resistant alloys (CRAs), i.e., UNS 

S30400, S31603 and N08825, only when the propagation was deep enough (i.e., Q > 10-30 

C/cm2), ER became independent of the size of the attack [21-25]. These findings imply the 

existence of a minimum pit or crevice depth to obtain reproducible ER values. Especially for 

highly alloyed CRAs, the CPP method might allow insufficient time for localised corrosion 

propagation during the forward step, as the backward potentiodynamic scan starts as soon as 

the pre-defined current density is reached. Additionally, several investigations [23, 26] have 

shown an inherent large scatter in critical potentials since the extent of the localised corrosion 

attack might be insufficient to ensure a lower-bound ER value. 

Researchers have, thus, developed alternative methods to circumvent the limitations of the 

CPP technique. Tsujikawa and Hisamatsu [27] developed a new electrochemical test to study 

crevice corrosion of nickel-based CRAs, which is referred to as the Tsujikawa-Hisamatsu 

Electrochemical (THE) test. This multi-step technique is now standardised in the ASTM 

G192 standard and consists of the following steps [28]: (i) PD to a potential more positive 

than critical potential, (ii) galvanostatic polarisation (GS) for 2 h to let localised corrosion 

propagate, and (iii) iterative potentiostatic polarisation (PS), lowering the potential 10 mV 

every 2 h until repassivation is achieved. Thanks to the GS step, the total charge passed is 

better controlled as the current is held constant during the time of the galvanostatic step. As a 

result, a sufficiently deep localised attack can develop, which leads to more reproducible ER 

values [21-24].  ER is defined in this technique as the highest potential where the current 

stops increasing during the PS. Nevertheless, the THE method is slow and time consuming as 

ER is normally found at low potentials. Thus, it often takes many iterations and a long time to 

reach ER using 10 mV steps every 2 hours. Additionally, in some cases [29], it was difficult 

to discern when repassivation occurred due to the current behaviour during the PS step, 

complicating the determination of ER. 
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Consequently, Mishra and Frankel [29] changed the third step of the THE test to a backward 

PD scan. As in the case of CPP, ER is defined as the cross-over of both potentiodynamic 

scans or when the backward scan reaches ipass. This technique was referred to as the PD-GS-

PD method by the authors, named to reflect the three different steps, specifically: (i) 

potentiodynamic polarisation scan (PD), (ii) galvanostatic polarisation (GS), and (iii) reverse 

potentiodynamic polarisation scan (PD). Thereby, the issues mentioned above with the CPP 

and the THE techniques were resolved. In a PD-GS-PD scan, crevice corrosion develops 

during the GS step, resulting in a low scatter of the results while keeping the testing time 

short.  

The PD-GS-PD has successfully been used to analyse the localised corrosion resistance of 

nickel-based alloys [29-35]. The PD-GS-PD technique has, as well, been used to test 

conventional [24] and highly-alloyed stainless steels, specifically UNS S32205 and S32750 

[36, 37]. Results showed that the PD-GS-PD  method gave the most conservative crevice 

repassivation potentials (ER,Crev) values among the different methods, i.e., the lowest values in 

comparison to the CPP and THE tests [29-31]. In addition, these ER values were independent 

of the scan rate used during the PD steps [29], torque applied to the crevice former (if greater 

than 2 N∙m) [31], and the charge passed during the GS step [30]. These results indicated that 

the PD-GS-PD technique allowed sufficient localised attack propagation during the GS step 

to let ER become independent of the experimental variables mentioned above. The PD-GS-

PD method is, thus, a proven technique for testing localised corrosion resistant of highly 

alloyed CRAs, such as SDSS.  

Since ER is used to determine the localised corrosion resistance of an alloy, it can be used to 

analyse the role of different alloying elements on the resulting corrosion resistance [32, 33]. 

Additionally, by testing at different temperatures, the PD-GS-PD technique can be used to 
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determine the critical crevice temperature as well as the crevice repassivation temperature 

(TR,Crev) [7, 38].  

The objective of this investigation was to quantify the crevice corrosion resistance of 

commercial SDSS as a function of W content. Therefore, three SA materials differing mainly 

in their W content were compared. Firstly, PD-GS-PD tests were conducted at incremental 

temperatures to determine changes in TR,Crev as a function of W content. The results were, 

then, validated using long-term potentiostatic testing in natural seawater. 

2. Experimental 

Three different materials were employed in this work, i.e., UNS S32750, S32760, and 

S39274. Table 1 shows their chemical composition. UNS S32750, a W-free SDSS, was used 

as a reference material; whereas UNS S32760 and S39274 contained 0.6 wt.% W and 2.1 

wt.% W, respectively. All materials were received as extruded pipes with a 30 mm wall 

thickness and a 203.2 mm diameter. Additionally, a 100 mm by 150 mm by 9.5 mm UNS 

S39274 rolled plate was included in the test program to compare the results to Haugan et al. 

[7] and analyse the influence of product form variations. 

Round samples with a thickness of 3 mm were machined from all materials. The final 

diameter for UNS S32750 and S32760 specimens was 25 mm, whereas the diameter of the 

UNS S39274 specimens was 30 mm. 

2.1. Sample preparation 

Both extruded pipe and rolled plate UNS S39274 samples were received in the SA condition 

(heat-treated at 1085°C for 10 minutes). On the other hand, UNS S32750 and UNS S32760 

were received as extruded and, thus, were solution annealed according to the manufacturer’s 

specifications in an air furnaced at 1100°C for 15 minutes and rapidly quenched in water. 
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Figure 1 includes micrographs of the four materials studied in this work. All materials were 

within the acceptable austenite/ferrite ratio range [7, 8], i.e., 40-60%. 

The specimens were subsequently wet ground down to 500 US-grit SiC paper, rinsed with 

acetone, followed by distilled water and ethanol, and cleaned in an ultrasonic bath with 

ethanol for 5 minutes. 

The coupons were mounted in the multi-crevice assembly shown in Figure 2 as described in 

ISO18070 [39]. The crevice washers were made of polytetrafluoroethylene (PTFE) with 12 

artificial crevice slots (i.e., 24 in total). The washers were covered with PTFE tape as 

indicated by ASTM G192, which improved the reproducibility of the results as determined by 

preliminary testing [28]. The applied torque was 5 N∙m [37]. A small hole of 2 mm in 

diameter was drilled close to the edge of each specimen to pass a 200 μm Pt wire, which was 

used to suspend the multi-crevice assembly as illustrated elsewhere [40-43]. 

The total surface area of the specimens exposed to the electrolyte was approximately 6.5 cm2 

for UNS S32750 and S32760, and 11 cm2 for S39274. The area covered by the crevice 

former was 4.9 cm2 for all specimens.  

2.2. Crevice corrosion tests in 3.5 wt% NaCl 

The experiments were carried out in a double-wall cell filled with approximately 160 ml of 

3.5 wt.% NaCl, pH 6.5 solution (a minimum volume/specimen area ratio of 14.5 cm3/cm2 for 

UNS S39274, which had the largest total surface area). The electrolyte was purged with N2 

for 2 h before the sample was immersed. The cell was continuously purged for the duration of 

the tests. The dissolved oxygen concentration, which was monitored during testing by means 

of a fibre optic oxygen meter, remained below 10 ppb from the moment the sample was 

immersed and until the end of the experiment.  
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The electrochemical tests were performed at different temperatures: room temperature (22±1 

°C), 40°C, 50°C, and 60°C. The temperature was controlled by a water bath connected to the 

jacketed cell, except for the room temperature tests that were performed at the pre-set 

laboratory temperature. A condenser filled with continuously running cold tap water 

(approximately 10°C) was placed in the outlet of the gas port to avoid evaporation of the 

electrolyte during testing.  

The PD-GS-PD tests were conducted in a conventional three-electrode setup. An Ag/AgCl 

KCl saturated electrode was used as the reference electrode and a Pt mesh as the counter 

electrode. All samples were freely exposed at the corrosion potential (Ecorr) for 15 minutes 

after immersion and before polarisation. Subsequently, a small cathodic current density of 1 

µA/cm2 was applied to remove possible surface contamination [37]; followed by another 30 

minutes of Ecorr exposure to allow the surface to stabilise.  

The following procedure for the PD-GS-PD technique was used [37]: (i) the PD step was 

conducted at a scan rate of 0.167 mV/s, starting 30 mV below Ecorr and ending when a pre-

defined current density (iGS) was reached, (ii) the GS step was done at the pre-defined iGS for 

2 h, and (iii) the reverse PD step was done at a scan rate of 0.167 mV/s, starting at the last 

potential measured during GS and ending when repassivation was achieved. ER,Crev was 

defined in two different ways for comparison: (i) as the cross-over potential of the forward 

and backward PD scans, and (ii) as the potential at which ipass reached 1 µA/cm2 [17]. The iGS 

values were: (i) 25 µA/cm2 for all temperatures [37], and (ii) 100 µA/cm2 for 50°C and 60°C. 

The highest current density, 100 µA/cm2, was high enough to avoid metastable activity and 

current noise triggering the start of the following step in the PD-GS-PD technique, as 

explained below.  
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Once the ER,Crev was obtained for each material at each different temperature, the TR,Crev was 

defined as the temperature at which the ER,Crev experienced a sharp drop from potentials 

associated with transpassivity to lower, usually negative, potentials [7, 44].  

All tests were conducted at least in duplicated, while additional experiments were conducted 

as needed when large variations in ER,Crev were found to confirm the repeatability of the 

results [23, 26]. In this regard, the number of tests conducted at temperatures in the vicinity 

of TR,Crev was up to 8 per condition.  

2.3. Long-term experiments in natural seawater 

UNS S32750 and UNS S39274 extruded pipe specimens were exposed in natural seawater 

with the same crevice assembly as described in section 2.1. The seawater was taken from the 

Trondheim fjord (Norway) from 80 m depth and brought into a 5 L glass container with an 

inlet close to the bottom and an outlet close to the top to let the natural seawater flow 

continuously during the test. The container was placed on top of a hot plate. The temperature 

was regulated using a PID controller connected to a thermocouple placed close to the 

specimens. The set temperature was maintained within a ±1°C variation. The seawater flow 

was approximately 4 ml/min to avoid turbulence while ensuring a uniform temperature within 

the container.  

The specimens were exposed at: (i) open circuit potential (OCP), and (ii) polarised at +600 

mVAg/AgCl, to simulate chlorinated seawater [7, 40]. An Ag/AgCl KCl saturated reference 

electrode was used, and in the case of the polarised samples, a Pt mesh served as the counter 

electrode. The tests with the specimens at OCP started at 50°C and the temperature was 

increased fortnightly at 5°C steps until crevice corrosion initiated. The initiation of crevice 

corrosion was determined as a sharp drop on the OCP as described by Oldfield and Sutton 

[45]. For the specimens polarised to +600 mVAg/AgCl, the initial temperature was 40°C and 
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was increased in 5°C steps weekly. Crevice corrosion initiation was assumed when the 

current density exceeded 25 µA/cm2 for over 24 h. The temperature at which crevice 

corrosion initiated was considered the CCT. After crevice initiation, the specimens were kept 

at that temperature for at least 48 hours before decreasing the temperature at 2.5°C steps 

every 48 h until (i) the OCP value recovered for the freely exposed samples, or (ii) the current 

decreased below 25 µA/cm2 for the polarised samples for over 24 h. This temperature was 

considered the TR,Crev. Two specimens of the same material were exposed in the same 

container simultaneously for repeatability. Since the replicated polarized specimens were 

connected to the same potentiostat, the temperature scan was reversed once both samples 

showed crevice corrosion.   

2.4. Characterisation 

After testing, the specimens were analysed by means of an Infinite Focus Microscope (IFM) 

employed as optical microscope with the possibility of taking 3D pictures of the surface. The 

number of crevice attacks present on both sides of the specimens were identified and their 

depth measured. The volume and projected area on the surface of the crevices were 

calculated using a commercial surface and image analysis software (MountainMaps) [46]. In 

selected cases, the corrosion attack was further analysed in a scanning electron microscope 

(SEM) coupled with energy-dispersive x-ray spectroscopy (EDS). 

At the end of the PD-GS-PD tests, the electrolyte was stored in plastic containers and brought 

to the Department of Chemistry at the Norwegian University of Science and Technology 

(NTNU) where the concentration of released ions in the solution were measured by 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  

The total Q measured during the PD-GS-PD tests (Qexp) was calculated as well from the GS 

and reverse PD steps until repassivation was achieved, assuming that the Q provided by the 
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forward PD was negligible due to the low current densities measured and the short time of 

this step compared to the rest of the test.  

3. Results 

3.1. Critical Crevice Temperatures by the PD-GS-PD technique 

Figure 3 illustrates two results obtained with the PD-GS-PD technique. In the case of Figure 

3a, the specimen suffered crevice corrosion, indicated by a large hysteresis loop and a low 

ER,Crev. In contrast, Figure 3b illustrates a case where the specimen did not suffer localised 

corrosion, displaying a small hysteresis loop at a high anodic potential. As discussed below, 

this small hysteresis loop is thought to be due to the depassivation of the specimen surface 

due to the high potentials reached in the forward PD scan, i.e., the specimen reached the 

transpassive region [47]. In the first case (Figure 3a), crevice corrosion was arrested due to 

repassivation and the term ER,Crev can be used. However, in the example shown in Figure 3b, 

the threshold symbolises the transpassive potential (ETrans). Hereafter, to differentiate when 

the value obtained represented ER,Crev or ETrans, the following criterion was followed. The 

values obtained were defined as ETrans when the cross-over in the backward PD scan occurred 

at or above +0.7 VAg/AgCl (i.e., the drop of potential during the GS step was negligible, 

resulting in a potential above the reversible potential of the oxygen evolution reaction in the 

conditions of the test [47]); otherwise, the potential was described as ER,Crev.  

Figure 4 illustrates unexpected results of the PD-GS-PD technique. In Figure 4a, the GS step 

was triggered due to a metastable attack and high current noise; whereas Figure 4b shows 

crevice corrosion starting during the backward PD scan instead of during the GS step. Figure 

5 shows the potential evolution during the GS step for all extruded materials at 50 and 60°C 

for both iGS conditions. All forward PD scans reached transpassive potentials, i.e., above the 

Ecorr values that could be attained in, e.g., seawater due to the action of microorganisms or 
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chlorination [48]. Nevertheless, apparent metastable activity—evidenced by frequent current 

spikes—was present in all materials, increasing in intensity at higher temperatures. UNS 

S32750 and especially UNS S32760 started to show metastable events at room temperature 

with increasing severity at 40°C, 50°C (Figure 4a), and 60°C (Figure 5). On the other hand, 

UNS S39274 exhibited metastable activity only at temperatures above 50°C (Figure 5).  

For UNS S32750 and UNS S32760, metastable activity and high current noise reached 

current densities higher than 25 µA/cm2 at 50°C and 60°C, causing the GS step of the 

technique to start at lower potentials. As a result, the potential increased during the GS step as 

seen in Figure 5, and the reverse PD scan did not cross the forward PD scan (Figure 4a), 

making the determination of ER,Crev impossible. Consequently, the tests at 50°C and 60°C 

were repeated with an iGS of 100 µA/cm2. With the higher iGS setting, the forward PD scan 

continued until reaching a stable critical current. In this regard, the potential during the GS 

step stayed relatively constant in the absence of crevice attack, while it exhibited a sharp 

decrease when crevice corrosion initiated, as shown in Figure 5.  

Figure 6 illustrates the ER,Crev and ETrans for the two iGS values at 50 and 60°C, whereas Figure 

7 shows ER,Crev and ETrans as function of temperature. The ER,Crev and ETrans values were 

unaffected by the choice of iGS as shown in Figure 6. Only for UNS S32760, ER,Crev dropped 

to +0.15 VAg/AgCl when using 100 µA/cm2, whereas the drop remained at high anodic 

potentials, i.e., +0.6 VAg/AgCl with a iGS of 25 µA/cm2. Only minor differences were observed 

in ER,Crev values when comparing the cross over and current criteria, as seen in Figure 6 and 

5. Nevertheless, ETrans obtained with the cross-over definition was slightly more positive than 

that measured at 1 µA/cm2.  

Crevice corrosion attack did not occur at room temperature in any of the three SDSS; thus, all 

the potentials were labelled as ETrans. UNS S32750 transitioned from ETrans to ER,Crev at 40°C. 

The transition temperature was 50°C for UNS S32760 and 60°C for the UNS S39274 rolled 
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plate. In contrast, UNS S39274 extruded pipe suffered stable crevice corrosion at 60°C with 

no clear transition temperature. Despite the absence of a clear transition region (Figure 6), the 

transition temperature was assumed to be between 50 and 60°C, i.e., approximately 55°C. At 

the transition temperature, some specimens showed signs of corrosion while others did not, 

resulting in a large dispersion in ER,Crev values. Therefore, the minimum number of tests was 

increased to 8 per condition. Additionally, this large fluctuation suggested that this 

temperature could be set as TR,Crev, since it marked the change from transpassive attack to 

stable crevice propagation. Table 2 summarises the TR,Crev measured for all the extruded pipe 

materials. 

3.2. Critical Crevice and Repassivation Temperatures in natural seawater 

Figure 8 and Table 2 summarise the results of the long-term natural seawater exposure 

testing. Figures 8a and b show OCP and temperature as a function of exposure time, together 

with an insert presenting a picture of a specimen after the test to illustrate the severity of the 

crevice corrosion. Figures 8c and d show the current and temperature evolution for the 

specimens polarised to +600 mVAg/AgCl, alongside with pictures indicating the extent of 

crevice corrosion. In the case of UNS S32750 polarized to +600 mVAg/AgCl, the two 

specimens did not initiate crevice corrosion at the same temperature. Since both specimens 

were tested simultaneously in the same container, the temperature was increased until the 

second specimen also developed crevice attack (i.e., specimen 1 developed crevice at 45 °C 

while specimen 2 showed crevice corrosion at 50°C).  

As seen in Figure 8, OCP remained in the 0.05 to 0.25 VAg/AgCl range in all cases with no 

clear stepwise drop. At the end of the tests, the external surface was covered by a thin layer of 

calcareous deposits and only minor signs of attack were found under the crevice formers. In 

contrast, all specimens polarised at +600 mVAg/AgCl suffered crevice corrosion. All samples 

repassivated during the backward temperature stepwise ramp. As seen in Table 2, TR,Crev 
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values were lower than CCT, indicating a hysteresis in critical temperatures. In the particular 

case of UNS S32750 polarized to +600 mVAg/AgCl, the two specimens obtained different 

TR,Crev (corresponding to 2.5°C < CCT, respectively), as indicated in Table 2.  UNS S39274 

exhibited higher CCT and TR,Crev values than the W-free UNS S32750 (Table 2), suggesting a 

higher resistance to crevice corrosion. 

3.3. Surface characterisation 

The number of localised attacks was quantified by visual inspection after both PD-GS-PD 

and long-term exposure testing. Figure 9 summarises the total number of localised attacks 

after PD-GS-PD testing. In this regard, the number of attacks increased with temperature; 

although UNS S32760 had approximately the same quantity of crevice sites from 40°C to 

60°C. UNS S39274 had the lowest number of attacks up to 50°C; while at 60°C, UNS 

S32760 and the UNS S32974 rolled plate samples exhibited the lowest number of crevice 

sites.  

Figure 10 summarises the depth of each attack found on the specimens exposed to natural 

seawater at OCP, together with the total number of crevice sites, and micrographs of the 

deepest attack for each material. The average crevice depth was slightly higher in UNS 

S39274 than in UNS S32750, but in all cases the crevice depth remained below 35 μm. The 

crevice corrosion severity was drastically higher in the specimens polarised at +600 

mVAg/AgCl, where through-thickness penetration of some crevice sites was found, as 

illustrated in Figure 8c for UNS S32750. In the case of UNS S39274, the crevice attacks were 

large, but did not penetrate through the thickness (Figure 8d).  

The extent of all attacks in the PD-GS-PD tests was further quantified and illustrated in 

Figure 11 by (a) the total volume of the attack, (b) the projected area on the surface, and (c) 

the maximum depth of the crevices after PD-GS-PD testing. Some interesting findings can be 
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highlighted by comparing Figure 11 with the ER,Crev and ETrans extracted from Figure 7. 

Below the critical temperature, the extent of transpassive attack was approximately similar in 

range for the three materials. The dispersion in depth, area, and volume increased as the 

temperature approached the critical value, with maximum values increasing with temperature 

for all materials. The large increase in dispersion and the differences in maximum values 

above and below the TR,Crev can be used to identify the transition from transpassive 

dissolution to crevice corrosion, as discussed below.   

The maximum crevice depth, maximum crevice volume, and maximum corrosion area at the 

transition between ETrans and ER,Crev were obtained from Figure 11 and are summarised in 

Table 3. The maximum crevice depth values gathered in Table 3 were considered the 

threshold to define the transition to stable crevice attack. Below this value, the attack was 

considered to be transpassive dissolution. On the contrary, above this value, crevice corrosion 

took place in the GS or backward PD steps and the potential threshold obtained was ER,Crev. 

Accordingly, crevice corrosion in UNS S32750 stabilised at lower transpassive attack depths 

than the W-containing SDSS.  

Selected samples were further analysed by SEM-EDS to gain a better understanding of the 

crevice dissolution process. Figures 12 and 13 illustrate crevice attacks found by SEM after 

the PD-GS-PD tests. SEM-EDS analysis revealed different degrees of corrosion depending 

on the propagation size. Selective dissolution of ferrite (α) occurred during the early stages of 

the attack whereas austenite (γ) corroded as corrosion propagated into the crevice. Thereby, 

the following 4 stages were identified, and they are numbered in Figure 12: (i) phase 

boundary attack, (ii) selective corrosion of α, (iii) initiation of γ dissolution, and (iv) complete 

dissolution of all phases. 
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3.4. Additional characterisations 

The concentration of ions released after the PD-GS-PD tests was quantified by ICP-MS. 

Figure 14 shows the results for the specimens that exhibited crevice corrosion, i.e., low 

ER,Crev values. For most materials, Cr and Fe cations were the main elements dissolved into 

the electrolyte. The exception was UNS S39274 rolled plate, which had a preferential W, Ni, 

and Mo dissolution but a low Cr and Fe release when compared with the other tree materials. 

Figure 15 illustrates the Qexp calculated from the PD-GS-PD tests in C/cm2, as it is typically 

reported in the literature. [21, 25] The Qexp was four times larger in Figure 15b than in Figure 

15a because the iGS used was four times higher, as explained in the experimental section. 

UNS S32750 had a larger Qexp at 50°C and the highest Qexp in all cases with an iGS = 100 

μA/cm2. Nevertheless, at 60°C and iGS = 25 µA/cm2, UNS S39274 showed the largest Qexp.  

4. Discussion 

4.1. Disadvantages of the PD-GS-PD technique 

Although the PD-GS-PD technique has been applied successfully to study the crevice 

corrosion of Ni-alloys [29-35] and some stainless steels [36, 37]; in this work, the technique 

showed limitations. The first issue was the effect of the metastable activity and high current 

noise experienced for some materials at all temperatures, but particularly near the transition 

temperature. The current density of these metastable events and the associated current noise 

was high enough to trigger the GS step before reaching the critical crevice potential or ETrans, 

as seen in Figure 4a. As a result, the potential increased during the GS step (Figure 5) instead 

of remaining constant (in the case of no corrosion) or decrease with time (if corrosion 

initiated). Earlier published data [32, 35] showed a similar potential increase during the GS 

step, although it was attributed to the inhibiting effect of Cr or Cu ions in solution being 

studied and not to an experimental artefact. It was, thus, necessary to increase the value of the 
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iGS from 25 to 100 μA/cm2 to circumvent this problem. As seen in Figure 5, the initial 

potential achieved during the GS step was only slightly higher (approximately 10 mV) with 

100 µA/cm2 than with 25 µA/cm2.  

For samples that developed stable crevice corrosion, the ER,Crev was independent of the choice 

of iGS, as illustrated in Figure 6, despite the differences in charge passed during testing 

(Figure 15). Even though the Qexp values were lower than those reported for UNS S30400, 

S31603, and N08825 [21, 25], it is, thus, reasonable to assume that the crevices were large 

enough with both iGS values [30].  

The second observation is that, in all cases, the forward scan reached transpassive values, 

which a priori could influence the crevice initiation step. Even though Cr cannot passivate at 

transpassive potentials, thermodynamically Fe can [47], and it has been shown that UNS 

S32750 forms a Fe passive layer at those potentials [49]. Additionally, an insoluble Mo-rich 

layer has been found at transpassive potentials for Ni-alloys, suggested to form as result of a 

local decrease in pH due to the hydrolysis of Fe(III) ions dissolved in the crevice solution 

[50]. Additionally, it has been reported that the passive film on UNS S32750 is completely 

dissolved at 1.4 VAg/AgCl [51]. Nevertheless, even if the passive film is not completely 

dissolved, it is Cr-depleted in comparison with the film at lower passive potentials. As result, 

the passive film is weaker and transpassive attack can occur [52-54]. Transpassive attack of 

(S)DSS leads to the preferential attack at phase boundaries [55, 56] followed by selective 

dissolution of the ferrite phase [51, 56]. Additionally, Jakobsen et al. [52] found that for 

temperatures below the CCT, transpassive attack propagates after initiation, but it is unstable.  

The presence of a small hysteresis loop even in specimens that did not suffer crevice 

corrosion (Figure 3b) is a consequence of reaching transpassive potentials in the forward PD 

scan. Therefore, the term ER,Crev is not applicable in these situations. Instead, ETrans should be 

used to indicate that the hysteresis loop was caused by transpassive dissolution. In this work, 
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ER,Crev and ETrans were differentiated based on the E-log(i) behaviour followed by the 

specimen during the reverse PD scan. In the absence of crevice corrosion, the current density 

during the reverse PD scan rapidly decreased obtaining a new Ecorr within the oxygen 

evolution potential range [47] (Figure 3b). This Ecorr coincided with a change in the slope of 

the forward PD scan, indicating a change in the electrochemical reaction occurring on the 

surface (most likely signalling the onset of the transpassive region or the oxygen evolution 

reaction [47]).  

Based on the observations presented above, it is, thus, reasonable to assume that crevice 

corrosion initiation on SDSS during PD-GS-PD testing at temperatures below CCT requires a 

minimum amount of transpassive attack in the forward PD scan or during the initial stage of 

the GS step. In this regard, repassivation will occur quickly and at high potentials if the depth 

of the transpassive attack is below a critical value, xCrit,Trans. Contrarily, crevice corrosion will 

initiate and propagate during the GS and backward PD steps above xCrit,Trans. The maximum 

depth of the transpassive attack found at the transition temperature, i.e., below the TR,Crev, was 

considered as an estimator of xCrit,Trans. As seen in Table 3, W increased the maximum depth 

of the transpassive attack, suggesting an increase in the critical depth required to stabilize 

crevice corrosion.  

Another unexpected result was the delay in the crevice corrosion initiation for some of the 

specimens. In some instances, crevice corrosion initiated during the backward PD scan, 

instead of during the GS step as seen in Figure 4b. The same behaviour was observed in other 

works [36, 44, 57] for cases where the material suffered mild localised corrosion. This issue 

may be avoided by either extending the duration of the GS step, by using PTFE-covered 

ceramic crevice formers since they have been shown to produce more demanding crevices in 

highly corrosion resistant nickel-based alloys [31, 58, 59], or both. Nevertheless, ER,Crev 

values were independent of whether crevice corrosion started in the GS or backward PD step. 
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The Qexp measured in both cases was similar, suggesting the same extent of the crevice 

attack. 

During the backward PD scan, all specimens experienced a maximum in current density 

around 0.1 to 0.4 VAg/AgCl (e.g., Figures 3a and 4b). In this regard, the reversible potential for 

the reduction of Cr(VI) to Cr(III) lies within this potential range for the tested conditions 

[47]. Therefore, the formation of a Cr-rich passive film is thermodynamically stable in this 

potential range and, consequently, the current density drops shortly after, stifling crevice 

corrosion propagation.  

4.2. Effect of W on crevice corrosion resistance 

Crevice corrosion did not initiate in the forward scan for any of the materials in the tested 

temperature conditions, making the determination of the CCT impossible. CCT values of 

UNS S32750 reported in the literature obtained from CPP tests are in the 65-70°C range both 

in simulated and natural seawater environments [7, 44], which are above the temperatures 

tested herein. The TR,Crev was determined as the temperature at which the results transitioned 

from ETrans to ER,Crev, as explained in section 3.1. Peguet et al. [55] described a transition 

temperature interval for CPT up to 10°C for the DSS UNS S32205. On the other hand, Sun et 

al. [60] suggested that only DSSs present the transition temperature interval because of their 

inhomogeneous microstructure, as the austenitic stainless steels tested by these authors 

showed a sharp CPT transition. Nevertheless, since the temperature interval used herein was 

≥ 10°C, no clear transition temperature interval could be observed for the TR,Crev. 

The long-term experiments in natural seawater performed in this work showed that specimens 

freely exposed in natural seawater exhibited small attacks that did not affect the OCP up to 

80°C, which made the determination of the critical temperature impossible. In contrast, the 

CCT measured at an applied potential of +600 mVAg/AgCl, which simulated chlorination 
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treatments [7, 40], was 45°C and 55°C for UNS S32750 and UNS S39274, respectively. 

Interestingly, the CCT values determined from the potentiostatic long-term exposure tests 

were similar to the TR,Crev results of the PD-GS-PD tests (Table 2), suggesting that, for SDSS, 

TR,Crev obtained by PD-GS-PD could be used as an estimator of crevice corrosion initiation in 

materials selection.  

The TR,Crev of UNS S32750 obtained by PD-GS-PD testing and after long-term exposure (i.e., 

40 and 42.4 °C, respectively) was lower than reported values in natural or simulated seawater 

environments (i.e., 56°C) [7, 44]. The differences in TR,Crev were attributed to the severity of 

the PD-GS-PD technique when compared to the CPP method and the extended duration of 

the temperature steps in the long-term test. Only one study [36] obtained a lower TR,Crev than 

in this work – the TR,Crev was below 30°C-, even though the electrolyte consisted of a more 

dilute NaCl solution (10,000 ppm Cl-). The same PD-GS-PD technique was used, but the 

crevice formers were ceramic and covered with PTFE tape, resulting in a more aggressive 

localised attack [31, 58, 59].  

Despite the experimental limitations discussed above, results indicated that tungsten 

increased the crevice corrosion resistance of SDSS, as determined by both CCT and TR,Crev 

values (Figures 7 and 8 and Table 2), and indirectly by the increase in xCrit,Trans (Table 3). In 

this regard, the W-free material (UNS S32750) had the lowest TR,Crev measured both by the 

PD-GS-PD method and potentiostatic testing at +600 mVAg/AgCl in natural seawater (i.e., 40 

and 42.5°C, respectively), whereas TR,Crev increased with incremental W content as 

summarised in Table 2. These findings are in agreement with a previous work [7] where only 

two SDSSs containing different degrees of W were investigated by performing CPP. By 

including a W-free SDSS as a reference, the enhancement of localized corrosion resistance 

due to the W could be inferred. Additionally, a higher extent of crevice corrosion propagation 
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was achieved by using the PD-GS-PD technique in comparison to the CPP, facilitating a 

better comparison among the materials in a wider temperature range.  

It might be questioned, however, whether the small changes in the concentration of other 

alloying elements as seen in Table 1 could explain the differences observed in this 

investigation. In this regard, some of the elements have an important weight in the PRE 

formula such as Cr, Mo and N. Nevertheless, the impact of such changes in composition 

could be ruled out by comparing TR,Crev values of the different SDSS. In this regard, the W-

free UNS S32750 contained the highest amount of Cr and Mo, yet showed the lowest TR,Crev 

values. Similarly, UNS S32760 contained the lowest amount of N among the SDSSs but gave 

an intermediate TR,Crev result. Another element—not included in the standard PRE 

expression—that has been shown to increase the CPT and the overall localized corrosion 

resistance in halide environments is Cu [61, 62]. However, as discussed by Haugan et al. [7] 

the improvement in CPT in DSS by Cu was much lower than that obtained by W, and, thus, 

the role of small changes in Cu content could be ignored.  

4.3. Influence of the manufacturing route 

Haugan et al [7], investigated the effect of W on the crevice corrosion resistance of two 

SDSS using a combination of methods that included CPP testing. However, the two SDSS 

studied also differed in product form. In this regard, the high-W UNS S32974 was produced 

as a rolled plate, whereas the UNS S32750 samples were extracted from an extruded pipe. 

Given that product form-to-product form variations can have an important effect on localised 

corrosion resistance [63], the influence of the manufacturing route was also studied herein, 

using samples extracted from the same plate as Haugan et al. [7]. 

As seen in Table 1, the rolled plate specimens had a higher Ni and N content than the 

extruded pipe specimens. Conversely, the Mo, Cu, and Fe contents were slightly lower in the 
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rolled plate. Even though Ni improves the corrosion resistance in acidic reducing 

environments, it does not influence localised corrosion resistance in oxidising chloride-

containing solutions [3]. Despite the differences in N and Mo content, both materials had 

identical PRE values. Consequently, based on their chemical composition both materials 

were expected to exhibit similar crevice corrosion resistance. However, the results in this 

work (Figure 7) showed a small but measurable influence of the manufacturing process in the 

TR,Crev values. In this regard, the average TR,Crev of the extruded pipe was approximately 55°C 

whereas that of the rolled plate was 60°C. Additionally, the number of crevice sites (Figure 9) 

was higher in the extruded pipe, but the maximum crevice volume was larger in the rolled 

plate case (Figure 10). More research is needed to elucidate the influence of product form and 

heat-to-heat variations on crevice corrosion resistance. 

5. Conclusions 

In this work, the TR,Crev of three commercial SDSS containing incremental amounts of W was 

obtained by evaluating the ER,Crev values extracted from PD-GS-PD tests at different 

temperatures. Results were validated using long-term exposure in natural seawater at both the 

OCP and potentiostatically at +600 mVAg/AgCl, which allowed the estimation of CCT and 

TR,Crev. The following conclusion were drawn based on the evidence provided in this work: 

- The TR,Crev measured by the PD-GS-PD method increased with W content in solid 

solution. 

- The 2.1 wt% UNS S39274 SDSS had the highest TR,Crev and the best crevice corrosion 

resistance as determined by both PD-GS-PD testing and long-term exposure to natural 

seawater. In this regard, the CCT and TR,Crev of UNS S39274 were 7.5 to 15 °C higher 

than the W-free control, depending on the measurement technique.  
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- A hysteresis in temperature was observed in the long-term potentiostatic tests at +600 

mVAg/AgCl, indicating a difference between CCT and TR,Crev of 2.5. to 5°C depending 

on the material.  

- The product form of UNS S39274 influenced corrosion resistance, with the rolled 

plate samples exhibiting a slightly better performance as determined by TR,Crev. 

- The crevice attack initiated at α/γ boundaries. In all cases, α selectively corroded; 

whereas dissolution of γ occurred at a later stage during crevice propagation. 
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Figure captions 

 

Figure 1. Micrograph taken by light optical microscope of (a) UNS S32750, (b) UNS S32760, 

(c) UNS S39274 extruded pipe, and (d) UNS S39274 rolled plate. The microstructure was 

revealed by applying two different etching steps. In the first step, a 15 wt.% KOH solution 

was used, and a potential of 3 V was applied for 12 s. In the second step, the solution was 20 

wt.% NaOH with an applied potential of 1.5 V for 10 s. 
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Figure 2. Schematic diagram of the multi-crevice assembly described in ISO18070 [128].  
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Figure 3. PD-GS-PD plots of (a) UNS S32750 at 60°C and (b) UNS S39274 extruded pipe at 

room temperature. Arrows indicate the direction of the scan. Dashed arrows indicate how 

ER,Crev and ETrans were obtained from the cross-over potential and 1 µA/cm2 definitions. 
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Figure 4. PD-GS-PD plots of (a) UNS S32760 at 50°C with an iGS of 25 µA/cm2 and (b) UNS 

S39274 extruded pipe at 60°C with an iGS of 100 µA/cm2. Arrows indicate the direction of the 

scan. 
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Figure 5. Potential evolution during the galvanostatic step of the PD-GS-PD tests for the 

extruded pipe materials tested at 50°C and 60°C at two iGS values as indicated. 
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Figure 6. A comparison of the effect of iGS on ER,Crev and ETrans. The values were obtained for 

the extruded pipe materials from the PD-GS-PD tests at 50°C and 60°C; ER,Crev and ETrans 

determined as (a) backward PD scan reaching 1 µA/cm2 and (b) cross-over of forward and 

backward PD. Error bars show maximum and minimum values. 
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Figure 7. ER,Crev or ETrans values obtained for all materials from all the PD-GS-PD tests, 

defined as (a) backward PD scan reaching 1 µA/cm2, and (b) cross-over of forward and 

backwards PD. Error bars show maximum and minimum values. 
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Figure 8. CCT and TR,Crev tests in natural seawater of extruded pipe materials (a) UNS 

S32750 at OCP, (b) UNS S39274 at OCP, (c) UNS S32750 polarised to +600 mVAg/AgCl, and 

(d) UNS S39274 polarised to +600 mVAg/AgCl, the picture inserts show a specimen after 

exposure to illustrate the attack. 
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Figure 9. Total number of localised corrosion attacks in 2 specimens for each material and 

test temperature after the PD-GS-PD testing. 

 

 

Figure 10. (a) All localized attacks depths, (b) pictures of deepest attack on UNS S32750, and 

(c) picture of deepest attack on UNS S39274 found on the specimens exposed at OCP in 

natural seawater. 
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Figure 11. Crevice size measurements (a) volume, (b) area, and (c) maximum depth present 

in 2 specimens of all extruded materials after the PD-GS-PD tests at all temperatures. 
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Figure 12. SEM pictures of a crevice attack found in UNS S32750 after the PD-GS-PD tests 

at 60°C. The numbers indicate the propagation stage: (1) phase boundary attack as the 

attack grows in area, (2) selective dissolution of α phase, (3) partial γ dissolution, and (4) γ is 

completely dissolved and the attack deepens. 

 

 

Figure 13. SEM pictures illustrating the crevice attack found in UNS S39274 (a) extruded 

pipe and (b) rolled plate after the PD-GS-PD tests at 60°C. 
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Figure 14. Concentration of ions released in the electrolyte after the PD-GS-PD tests at 

60°C. Due to the logarithm scale of the concentration axis, error bars are not visible. 
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Figure 15. Qexp calculated from the GS step and the reverse PD scan for all materials tested 

at (a) iGS = 25 µA/cm2, and (b) iGS = 100 µA/cm2. Error bars show maximum and minimum 

values. 
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Tables 

Table 1. Chemical composition in wt.% 

Material 

(UNS) 

PREN
*/ 

PREN,W
** 

Si Mn Cu Ni Cr Mo N W Fe 

S32750 43 / 43 0.27 0.51 0.14 6.42 25.6 3.83 0.30 - 62.9 

S32760 41 / 42 0.50 0.60 0.60 7.1 25.2 3.6 0.25 0.62 61.5 

S39274 

extruded pipe 
40 / 43 0.24 0.71 0.52 6.3 24.9 3.1 0.29 2.1 61.8 

S39274 

rolled plate 
40 / 43 0.20 0.71 0.48 7.6 24.6 2.9 0.35 2.1 61.1 

*PREN = %Cr + 3.3%Mo + 16%N                                                                                          
**PREN,W = %Cr + 3.3 (%Mo + 0.5 %W) + 16 %N                                                                    

 

 

Table 2. CCT and TR,Crev values obtained with the PD-GS-PD technique and after long-term exposure in natural 

seawater for the extruded pipe materials. 

UNS Technique Potential CCT (°C) TR,Crev (°C) 

S32750 

 

PD-GS-PD  > 60 40 

Natural seawater 
 OCP > 80 - 

+600 mVAg/AgCl 45 / 50 42.5 / 47.5 

S32760 

 

PD-GS-PD  > 60 50 

Natural seawater 
 OCP - - 

+600 mVAg/AgCl - - 

S39274 

PD-GS-PD  > 60 ~55 

Natural seawater 
OCP > 80 - 

+600 mVAg/AgCl 55 50 
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Table 3. Maximum depth, volume and surface area of transpassive attacks found in each material. The max. 

depth represents the depth of the transpassive attack at the transition temperature and it was taken as an 

estimator of xCrit,Trans.  

Material 

(UNS) 

ETrans 

(VAg/AgCl) 

T 

(°C) 

Max. depth 

(µm) 

Volume 

(mm3) 

Area 

(mm2) 

S32750 0.80 40 7.9 2.86·10-5 0.067 

S32760 0.81 50 16.1 2.40·10-4 0.105 

S39274 

extruded pipe 
0.78 50 16.9 9.77·10-4 0.421 

S39274 

rolled plate 
0.87 60 45.2 1.29·10-3 0.172 
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Abstract: Two super duplex stainless steels (SDSS) with different W content, namely UNS S32750 (W-

free) and UNS S39274 (2.1 wt.% W), were tested in simulated crevice corrosion environments to 

determine the influence of W on their corrosion resistance. Anodic potentiodynamic polarization 

experiments were performed in two different crevice-like-solutions: 1M HCl (as reference for a pH = 

0 environment), and 7M LiCl adjusted to the same pH value. Galvele’s critical acidification model was 

used to estimate the theoretical critical potential (Ecrit) and comparatively evaluate the corrosion 

resistance of the two SDSS. The anodic potentiodynamic polarization results showed a statistically 

significant difference between the two materials only in one test condition, i.e., 7M Cl- at 60°C. 

Additionally, the quantification of chemical dissolution of the metal cations after the tests suggested 

a surface enrichment in W only in the 7M chloride solution. SEM analysis indicated a uniform 

dissolution experienced by UNS S32750 in this environment, whereas UNS S39274 suffered selective 

corrosion of the ferrite-phase. These observations were reflected in a slight increase in the Ecrit values 

of UNS S32974 estimated with Galvele’s model. 

Keywords: acidification model; tungsten; crevice-like-solutions; super duplex stainless steel 

 

1. Introduction 

Super duplex stainless steels (SDSS) have excellent corrosion resistance in neutral chloride-

containing environments thanks to their high content of alloying elements like Cr, Mo, and N [1-4]. 

Tungsten (W) is another element that has been shown to improve corrosion resistance. However, the 

effect of W on localized corrosion resistance is still disputed, as discussed in detail elsewhere [5, 6].  

A recent publication reviewed and studied the influence of W additions to SDSS on the 

precipitation kinetics of tertiary phases. In this regard, tertiary phases like σ- and χ-phase are well 

known to be deleterious to both mechanical properties and corrosion resistance [5]. The authors showed 

that about 2 wt.% W reduced the total concentration of deleterious phases, and retarded the 

precipitation of σ-phase, favoring the formation of χ-phase at grain and phase boundaries. When W 

was added at approximately 0.6 wt.%, W promoted deleterious phase precipitation and impacted the 

localized corrosion resistance of the material negatively.  

Another recent publication [6] examined the influence of W as a solid solution element, i.e., in the 

absence of tertiary phases, on the crevice corrosion resistance of the same SDSS. The authors compared 

the critical crevice repassivation temperature (TR,Crev) obtained by the potentiodynamic-galvanostatic-

potentiodynamic (PD-GS-PD) technique with critical crevice temperature (CCT) and TR,Crev values from 

long-term exposure in natural seawater. The results showed that both the CCT and TR,Crev increased 

with W content, with a difference of up to 10 °C between the W-free and 2.1 wt% W cases, depending 

on the test conditions.  
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Despite quantifying the influence of W on localized corrosion resistance in neutral chloride 

environments and natural seawater, little is known about the mechanisms by which W influences 

corrosion resistance. It was, thus, desirable to investigate the performance of commercial SDSS in 

simulated crevice solutions, as done by Galvele [7], Newman [8], and others [9-12] for various alloys.  

1.1. Crevice-like-solutions and the critical acidification model 

Investigations in simulated pit/crevice environments can provide information about the role of 

alloying elements on the localized corrosion resistance of the materials, as first suggested by Galvele’s 

critical acidification model [13] described in Equation 1.  

 Ecrit =Ecorr* + η + ϕ + Einh (1) 

In Equation 1, Ecorr* is the corrosion potential of the material in the simulated pit or crevice 

electrolyte, η is the anodic polarization (overpotential) required to sustain an icrit value at the bottom of 

the pit or crevice, ϕ is the ohmic potential drop along the pit or crevice, and Einh is an additional 

polarization required in the presence of buffers or inhibitors. The critical potential (Ecrit) is the theoretical 

pitting/crevice potential in a neutral chloride environment, obtained from measurements in the 

simulated acidic pit or crevice electrolyte [7].  

Even though Galvele developed the critical acidification model for pure metals, the approach has 

been used for engineering alloys such as stainless steels and nickel-based alloys [7, 10, 11, 14, 15]. 

Galvele et al. [7] applied the critical acidification model to investigate the effect of Mo content in ferritic 

stainless steels (18Cr). Mo was found to decrease dissolution kinetics, changing the rate of pit 

propagation. Bocher et al. [14] investigated the influence of Mo additions to Ni-alloys using Galvele’s 

model in two different crevice-like-solutions, i.e., localized environment inside a corroding crevice. The 

model was able to distinguish the performance of the same material (alloy 625) in two different product 

forms (plate and wire), even though their pitting resistance equivalent (PREN) was identical. Therefore, 

these authors concluded that the critical acidification model could be used to distinguish the influence 

of minor alloying elements on localized corrosion performance. 

Srinivasan et al. [15] provided a detailed overview of Galvele’s critical acidification model and the 

artificial 1D pit method, quantifying, among others, the minimum pH at which a protective oxide 

would precipitate. This critical minimum pH defined the repassivation of the active attack, i.e., pitting 

corrosion repassivation occurs when the critical metallic cation concentration and pH inside the 

pit/crevice stop being sustainable. Hornus et al. [10] measured the crevice repassivation potential 

(ER,Crev) of two stainless steels (UNS S30400 and UNS S31600) and compared the difference in localized 

corrosion resistance using Galvele’s model. By equating ER,Crev values measured with the PD-GS-PD 

technique to Equation 1, the authors concluded that the effect of a 2.5 wt.% Mo addition was related 

mainly to the ohmic potential drop (ϕ) term. 

A detailed review of different solutions used to simulate active pits and crevices has been reported 

by Kappes et al. [11]. These authors compared a 22Cr duplex stainless steel (DSS) and a SDSS in pit-

like-solutions as a function of the chloride content. The main difference between the two stainless steels 

was found at 7N Cl-, a concentration considered to be the threshold for salt film precipitation [11]. 

Higher Cl- concentrations caused a metal salt film precipitation on the material, seen by a diffusion 

limiting current in the active region of the anodic polarization curves [16]. Arguably, salt film 

precipitation suggested conditions of stable localized corrosion propagation [17, 18]. The estimated Ecrit 

values differed by 20 mV with experimental ER,Crev measured with PD-GS-PD in neutral pH, 

demonstrating the ability of Galvele’s model to estimate the critical potentials of commercially available 

alloys. Others [7, 10-12, 14] have also successfully distinguished the effect of other alloy elements by 

conducting anodic polarizations in acidic chloride environments.   

The objective of this work was to investigate the possible role of W in a propagating localized 

attack as a function of temperature in simulated crevice electrolytes. For this purpose, two commercial 

SDSS differing mainly in their W content were tested in two different crevice-like environments as a 

function of temperature. Galvele’s critical acidification model was employed to estimate theoretical Ecrit 

values, which were compared with ER,Crev results obtained in neutral chloride solutions. 
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2. Materials and Methods  

2.1. Materials 

Two SDSS, differing mainly in their W composition, were studied in this work, namely UNS 

S32750 (W-free) and UNS S39274 (2.1 wt.% W). Table 1 summarizes their composition given by the 

provider and confirmed by EDS. Both materials were produced as extruded pipes with 30 mm wall 

thickness and 203.2 mm in diameter. Round samples were machined by first extracting cylinders along 

the length of the pipe. The thickness of the coin-shaped specimens was 3 mm and the diameter 25 mm 

for UNS S32750 and 30 mm for UNS S39274.  

Table 1. Chemical composition in wt.% 

Material 

(UNS) 

PREN 1 / 

PREN,W 2 
C 3 Si Mn S 3 Cu Ni Cr Mo N W Fe 

S32750 43 / 43 0.03 0.27 0.5 0.02 0.14 6.42 25.6 3.83 0.3 - 62.9 

S39274 40 / 43 0.02 0.24 0.7 0.02 0.52 6.3 24.9 3.1 0.29 2.1 61.8 

1PREN = %Cr + 3.3%Mo + 16%N                                                                                          

2PREN,W = %Cr + 3.3 (%Mo + 0.5 %W) + 16 %N                                                                    

3Composition reported according to the alloy provider. 

UNS S39274 was received in the solution annealed condition (heat-treated at 1085°C for 10 min). 

UNS S32750 was solution annealed after machining, in an air-furnace at 1100°C for 15 min and 

quenched in water, following the recommendations from the supplier. 

Specimens were wet-ground down to 600 US-grit SiC paper, rinsed in acetone, followed by 

distilled water and ethanol, and cleaned in an ultrasonic bath for 5 min while they were immersed in 

ethanol. 

Specimens of the two SDSSs were etched following Statoil technical note MAT-2010080 [19] to reveal the 

microstructure and distinguish the austenite (γ) and ferrite (α) phases by light optical microscopy (LOM) and 

scanning electron microscopy (SEM). The etching procedure consisted of two different steps. In the first step, a 

15 wt. %. KOH solution was used, and a potential of 3 V was applied for 12 s. In the second step, the solution 

was 20 wt. %. NaOH with an applied potential of 1.5 V for 10 s. Figure 1 shows the microstructure of each 

material after the heat treatments. The γ and α ratio in these materials was measured by electron backscatter 

diffraction (EBSD) in a previous work [5], obtaining a 57.2 and 47.6 vol.% α for UNS S32750 and UNS 

S39274, respectively. These values are within the acceptable 40-60 vol.% range for each phase in SDSS. The 

average austenite region size of each material was determined by measuring the area of each austenite region in 

a minimum of three different areas and calculating the mean value by an open-access image processing software. 

The average austenite region size results for UNS S32750 and UNS S39274 were 577.9 µm2 and 395.0 µm2, 

respectively.  

2.2. Galvele’s critical acidification model 

Galvele’s critical acidification model [13], described in Equation 1, can be used to estimate the Ecrit 

when the concentration of aggressive specimens in the electrolyte is known. Henceforth, to simplify the 

model, Einh is considered negligible to the contribution of Ecrit [11]. Despite the release of potential 

inhibiting species such as molybdates and tungstates from the alloys during dissolution [20-22], it is 

considered acceptable as the Ecrit value estimated in this manner is more conservative, i.e., lower Ecrit. 

Thus, Ecrit can be expressed as: 

 Ecrit = Ecorr* + η + ϕ (2)                     
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Figure 1. LOM micrographs of (a) UNS S32750, and (b) UNS S39274 after the heat treatments. 

 The ohmic potential drop term was estimated after Bocher et al. (Equation 3) [11, 14]: 

  (3) 

where ρ is the resistivity in the solution and is assumed to be 10 Ω·cm [14], w is the crevice gap 

which was given a value of 1 μm [11], x is the diffusion distance considered to be 10-4 cm [23], and icrit 

was obtained from the pit stability product (Equation 4) [24]: 

 x·icrit =k (4) 

where k is a constant that is a function of the metal and pH of the solution. In this work and based 

on Kappes et al., the value of 10-6 A/cm was adopted [23]. Equation 3 and 4 yield an icrit = 10-2 A/cm2 and 

ϕ = 5 μV. Since the ϕ << Ecorr*, Ecrit can be obtained as: 

 Ecrit = Ecorr* + η (5) 

Ecorr* can be found by measuring the corrosion potential in an electrolyte simulating the inside of a 

corroding pit or crevice. Consequently, the Ecrit can be obtained from Equation 5 by performing anodic 

potentiodynamic polarizations in crevice-like-solutions and obtaining the Ecorr and η (i.e., the applied 

overpotential needed to reach icrit = 10-2 A/cm2).  

2.3. Crevice-like-solutions 

Anodic potentiodynamic polarization experiments were conducted in solutions simulating 

pit/crevice environments. Two different crevice-like-solutions were used: 1M HCl (as a reference 

solution at pH = 0) and 7M LiCl, which was chosen based on Kappes et al. [11] as 7N Cl- presented the 

highest current density before salt precipitation occurred. The 7M LiCl solution was adjusted to 0 pH 

by adding concentrated HCl, following the relationship between H+ and Cl- activity coefficients given 

by Bocher et al. [14]. The volume used in each experiment was 160 ml, which was measured by a 

graduated cylinder. The solution resistances varied from the less conductive to the more conductive solutions 

from 0.3 to 0.1 Ω, which was also confirmed using OLI simulations and in line with the work of Artemov et al 

[25], who studied the conductivity of aqueous HCl, NaOH and NaCl solutions. Thus, the effect of IR drop was 

considered negligible for the comparative assessment of the two SDSSs. 
A 3 electrode-cell consisting of an Ag/AgCl KCl saturated reference electrode (RE) (-199 mV vs 

Standard Hydrogen Electrode – SHE-) immersed in the solution through a glass tube and kept at room 

temperature was used to carry out the anodic polarization tests. The counter electrode (CE) consisted 

of a Pt mesh. A commercially available electrochemical Avesta cell was used to avoid crevice corrosion 

[26], which was modified, as shown in Figure 2. In the original design of the Avesta cell, the distilled 

water required to avoid crevice corrosion flows into the main chamber, which might affect the pH and 

Cl- concentration at the surface. The modification consisted of creating an additional outlet for the 

distilled water supplied by the peristaltic pump (Figure 2) to avoid contact with the electrolyte. 
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Figure 2. Full electrochemical test set-up showing the glass vessel employed to deaerate the electrolyte 

before introducing it into a pre-deaerated modified Avesta cell. The bottom part of the cell (the part with 

the inlet/outlet of the distilled water, the filter paper, the specimen and Cu connector) is zoomed in to 

show the particular features of the Avesta cell. The drawing is not to scale. 

 

Consequently, the distilled water did not leak into the electrolyte, but circulated through the O-

ring sealing, wetting the filter paper and, then, circulated outside the cell through a new vent. The area 

of the working electrode was 1.54 cm2. 

Anodic polarization experiments were performed at different temperatures: room temperature 

(22±1°C), 40°C, 50°C and 60°C. The temperature was controlled using a water bath connected to the 
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double glass wall of the cell, except for the room temperature condition in which testing was done at 

the temperature of the lab.  

The tests were performed in an oxygen-free electrolyte since the localized environment inside 

active pits and crevices has a low oxygen content as it is consumed during the initial stages [27]. The 

electrolyte was purged with nitrogen gas for 1 h before exposing the specimen to ensure a low dissolved 

oxygen concentration. Since the specimen is placed at the bottom of the cell (Figure 2), the electrolyte 

had to be purged in a tight glass vessel mounted on top of the Avesta cell, as illustrated in Figure 2. The 

main Avesta cell chamber was simultaneously purged with N2 to remove all air and ensure an O2-free 

atmosphere from the moment the solution came in contact with the specimen. The tight glass vessel 

was connected through a valve directly into the Avesta cell, to avoid contact of the deaerated electrolyte 

with the air when transferring the solution from the vessel to the main cell. Deaeration of the electrolyte 

continued during the tests. The dissolved oxygen concentration was monitored continuously using a 

fiber optic oxygen meter, and its content was always below 10 ppb from the moment the material came 

in contact with the test solution. 

The sequence of the anodic polarization tests was as follows. First, the Ecorr* was measured for 1 h 

(the asterisk indicates that Ecorr was measured in a simulated crevice solution), followed by the anodic 

potentiodynamic polarization, starting at Ecorr* and finishing at 1.2 VAg/AgCl, with a sweep rate of 0.167 

mV/s. All tests were performed at least in duplicate.  

The passive current density (ipass), the critical passive current density (icp), the corrosion potential 

(Ecorr*), the transpassive potential (ETrans), and the primary passive potential (Epp) were obtained from 

each anodic potentiodynamic polarization curve. 

2.4. Characterization 

After the tests, the electrolyte was stored in tight plastic containers and the ions released from the 

specimens were quantified using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).  

Congruent or incongruent dissolution was verified with the ICP-MS results by calculating the 

dissolution ratio of each metallic element M (d’M). d’M was defined as the ratio between the experimental 

dissolution (dexperimental) quantified by the ICP-MS analysis and the congruent dissolution (dcongruent) 

value. dcongruent was calculated as the proportional dissolution of Fe, as it is the bulk element for the two 

materials, as shown in Equation 6: 

𝑑′𝑀 =
𝑑𝑀.𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑑𝑀.𝑐𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑡
=

𝑑𝑀
𝐶𝑀∙𝑑𝐹𝑒

𝐶𝐹𝑒

    

    (6) 

Where dM (in ppb) is the dissolution quantity of metal M measured by ICP-MS, CM (in wt.%) is the 

concentration in solid solution of metal M in the material (shown in Table 1), CFe (in wt.%) is the 

concentration in solid solution of Fe in the material (shown in Table 1), and dFe (in ppb) is the dissolution 

quantity of Fe obtained by ICP-MS for the same condition as that of the measured metal M. In this 

regard, a d’M > 1 suggests selective metal M dissolution [28]. Contrarily, a d’M < 1 implies a relative 

surface enrichment in M [28]. Finally, d’M = 1 indicates congruent dissolution [28]. 

The specimens were analyzed after the tests with an infinite focus microscope (IFM) used as a 

LOM, which can simultaneously acquire the 3D surface profile, enabling the estimation of the depth of 

localized attacks. The specimens were also analyzed by SEM together with energy-dispersive x-ray 

spectroscopy (EDS). An accelerated voltage of 20 kV, with a 50 µm diameter aperture and a spot size 

of 5 was employed, giving a beam current of approximately 7.2 nA. The point analysis tool was used 

to acquire the composition of the full area taken by the SEM. At least 5 measurements were performed 

per specimen. 

2.5. Statistical analysis 

A statistical study of the data was performed to examine whether the metal cations quantity 

released at the end of the electrochemical test was related to any of those parameters or the two 

parameters, η and Ecrit, used in Galvele’s model. The statistical study consisted of calculating the 
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Kendall correlation coefficient [29] in a pairwise comparison between all the mentioned variables. In 

contrast to other more known correlation parameters such as Pearson’s, the Kendall correlation 

coefficient does not assume a normal distribution [30]. Thus, Kendall’s coefficient indicates a general 

monotonic relationship, i.e., if both variables increase or decrease together [29]. Consequently, 

Kendall’s coefficient will show a strong relationship even for non-linear relationships like exponential 

behaviors. 

For this reason, this coefficient is becoming more popular within the scientific community [29, 31]. 

The closer the coefficient is to 1 (in absolute value), the stronger the variables are connected. The sign 

of the coefficient indicates the type of relationship: (i) positive; both variables increase or decrease 

together, or (ii) negative, one variable increases as the other decreases. 

3. Results 

3.1. Crevice-like-solutions 

 

Figure 3. Illustration of the parameters obtained from anodic polarization curves for the tests performed 

in 1M HCl and 7M LiCl at pH 0.  

 

Figure 3 illustrates how ipass, icp, Epp, Ecorr*, and ETrans values were obtained from the anodic 

potentiodynamic polarization curves. Figure 4 summarizes the anodic potentiodynamic polarization 

curves obtained for one specimen of each alloy tested at each temperature, while Figure 5 presents all 

the critical parameters extracted from Figure 4. As indicated in Figure 3, ipass was calculated as the 

average value between the intersections between lines 1 and 2 at low potentials and the intersection of 

lines 3 and 4 at high potentials. Although the limiting currents after the active/passive transition do not 

imply true passivation given the high values, ipass was calculated as the average value of the current 

density measured during the pseudopassive region following the same criteria as for the normal 

passive range. In agreement with others [11, 32], icp was obtained as the maximum current density 

measured before the active/passive transition. Similarly, Epp was defined as the potential at which the 

transition from active to passive took place. Ecorr* was considered as the value measured at the end of 

the 1 h open circuit potential measurement before polarization. After the active/passive transition, 

potentials reached values more positive than the oxygen evolution reaction and within the transpassive 
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area [33]. Consequently, the inflection point seen at high anodic potentials (the intersection between 

lines 3 and 4 in Figure 3) was defined as ETrans.  

 

Figure 4. Anodic potentiodynamic polarization curves in two crevice-like-solutions as a function of 

temperature, as indicated. 

As shown in Figures 4 and 5, a clear difference was observed between the two solutions. In this 

regard, the active/passive transition in 1 N Cl- was only observed at T ≥ 40°C and T = 60°C for UNS 

S32750 and UNS S39274, respectively. In contrast, active dissolution followed by a high diffusion-

limited current (ilim ≈ icp) and passivation at Epp occurred in 7M LiCl for all specimens at all temperatures. 

Even though the current density did not achieve typical passive values, this area will be referred to as 

passive hereunder to compare ipass between the solutions. Additionally, lower current densities (both 

icp and ipass) were obtained in 1M HCl for potentials below the oxygen evolution reaction or below the 

transpassive region [33]. In contrast, ipass was, in most cases, as high in 1M HCl as in 7M LiCl for UNS 

S32750. In 7M LiCl, the Epp values were nobler than in 1M HCl. In fact, due to the high Ecorr* values in 

1M HCl, the Epp was not observed in several tests, as indicated in Figure 5.  

Differences between the two materials were also observed. In 1M HCl, UNS S32750 had a higher 

ipass than UNS S39274, whereas the Epp of UNS S32750 was more positive in 7M LiCl, especially at 60°C. 

At that same temperature, there was a significant difference in icp between both materials in 7M LiCl. 

Figure 6 illustrates the surface of two specimens after exposure, as observed by LOM. No crevice 

corrosion was found along the edges of the filter paper by both high IFM magnifications and SEM 

analysis. No evident corrosion attack was seen on the surface of the specimens tested in 1M HCl. In this 

case, the surface was slightly etched, revealing the grain structure of the samples. In contrast and as 

expected [11], the specimens tested in 7M LiCl experienced uniform dissolution. 
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Figure 5. (a) icp, (b) ipass, (c) ETrans, (d) Epp, and (e) Ecorr* measured from the anodic potentiodynamic 

polarization tests. Error bars indicate maximum and minimum values. 
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Figure 6. Optical visualization of UNS S39274 specimens after anodic potentiodynamic polarization at 

room temperature exposed to (a) 1M HCl, and (b) 7M LiCl. The exposed area -the circle- is equal in the 

two pictures. 

The surface analysis performed by SEM and EDS of the corroded specimens in 7M LiCl revealed 

a clear difference in the attack morphology between both SDSS. Figure 7 shows the morphology of the 

attack after testing, as observed by SEM. While both phases corroded uniformly in the case of UNS 

S32750, S39274 suffered selective dissolution of the α-phase. In this regard, ferrite can be distinguished 

easily from austenite using EDS due to its lower Ni and higher Cr and Mo concentration [6, 34]. The 

surface chemical composition of each phase for both materials obtained by EDS before and after the 

corrosion testing is presented in Table 2. The W-free material showed a relative enrichment in O, Ni 

and Mo and an impoverishment in Cr and, especially Fe, when comparing the values before and after 

the corrosion testing. This behavior was observed for both austenite and ferrite phases. On the other 

hand, the W-rich material was richer in O and Mo, but poorer only in Fe. In comparison, Cr and Ni 

concentration was similar before and after corrosion. Nevertheless, there was a difference in the W 

content between the austenite and ferrite phases. W was enriched in the ferrite phase, but not in 

austenite after corrosion.  

Figure 8 shows the concentration of dissolved metal cations as measured by ICP-MS after testing. 

As expected, the concentration of dissolved metal cations was larger in 7M LiCl than in 1M HCl for 

both materials, which increased with increasing temperature (except for UNS S39274 at 60°C in 7M 

LiCl). The amount of released metal cations by both materials in 1M HCl was similar. Contrarily, in 7M 

LiCl, the dissolved concentration of metal cations released by UNS S39274 was larger than that of UNS 

S32750, apart from the tests performed at 60°C, where UNS S39274 experienced a much lower 

dissolution than UNS S32750.  
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Figure 7. SEM secondary electron images of (a) UNS S32750, and (b) UNS S39274 specimens after the 

anodic potentiodynamic polarization in a 7M LiCl solution at 60°C. In the pictures, the austenite phase 

(γ) is indicated. The other phase is ferrite (α). 

Table 2. Average surface chemical composition of the specimen in wt.% obtained by EDS before and 

after the anodic potentiodynamic polarization in 7M LiCl at 60°C. 

 Before corrosion testing After corrosion testing 

Elements UNS S32750 UNS S39274 UNS S32750 UNS S39274 

 α γ α γ α γ α γ 

O - - - - 2.4 3.7 1.7 0.9 

Cr 28.1 25.2 26.4 24.1 26.2 23.1 26.5 24.6 

Fe 63.9 64.9 63.5 64.7 57.6 56.3 58.6 60.9 

Ni 4.6 7.5 4.7 7.3 5.3 8.0 4.4 7.0 

Mo 3.6 2.3 2.9 1.9 5.8 4.0 3.6 2.4 

W - - 2.5 1.9 - - 3.2 1.8 
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Table 3 shows the calculated dissolution ratio (d’M) of each element for all specimens. Cr, Ni, and 

Mo showed dissolutions ratios close to 1, suggesting congruent dissolution with Fe. On the other hand, 

there were significant differences regarding the dissolution ratio of W. In 1M HCl, d’W was close to 1; 

however, in 7M LiCl, the results indicated a possible surface enrichment of W, as d’W < 1.  

 

Figure 8. Concentration of dissolved metal cations measured by ICP-MS after performing the anodic 

potentiodynamic polarization tests. Error bars indicate maximum and minimum values. Due to the 

logarithmic scale, most of them are not visible. 

Table 3. Normalized dissolution quantities (d’M) for each element calculated from Equation 6, using the 

average concentration quantified by ICP-MS. 

Material Solution T (°C) d’W d’Cr d’Fe d’Ni d’Mo 

UNS 

S32750 

1M HCl 

22 - 1.05 1.00 1.01 1.03 

40 - 1.01 1.00 0.98 1.03 

50 - 1.03 1.00 1.02 1.04 

60 - 0.99 1.00 0.96 1.00 

7M LiCl 

22 - 1.08 1.00 0.97 1.09 

40 - 1.02 1.00 0.97 1.06 

50 - 1.07 1.00 0.95 1.08 

60 - 1.05 1.00 0.96 1.06 

UNS 

S39274 

1M HCl 

22 0.90 1.04 1.00 0.99 1.05 

40 1.01 1.03 1.00 1.01 1.02 

50 0.96 1.01 1.00 0.96 1.02 

60 0.93 0.98 1.00 0.93 0.98 

7M LiCl 

22 0.25 1.07 1.00 1.06 1.10 

40 - - - - - 

50 0.57 1.06 1.00 0.96 1.08 

60 0.66 1.04 1.00 0.96 1.06 
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3.2. Galvele’s acidification model 

Figure 9 illustrates the Ecorr* and η obtained from the anodic potentiodynamic polarization curves 

used for Galvele’s critical acidification model, together with the estimated Ecrit calculated using 

Equation 5. Even though both materials differed in the Ecorr* and η, the resulting Ecrit was similar for 

both materials in 1M HCl. Additionally, the estimated Ecrit values were over the reversible potential of 

the oxygen evolution reaction and within the transpassive region [33], suggesting transpassive 

dissolution. As a result, in neutral chloride solutions, it could be expected that Ecrit  ≈  ETrans at all 

temperatures. In 7N Cl-, there were no differences in most cases, apart from 60°C where UNS S39274 

obtained a slightly nobler Ecrit than UNS S32750, due to the difference in η between materials. In all 

other conditions, Ecrit decreased slightly with temperature, although the differences were within the 

experimental error. 

  

Figure 9. (a) Ecorr* and (b) η obtained from the anodic potentiodynamic polarization curves in crevice-

like-solutions to estimate (c) Ecrit obtained by Galvele’s critical acidification model. Error bars indicate 

maximum and minimum values. 
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3.3. Statistical analysis 

Tables 4 and 5 contain Kendall’s correlation coefficients calculated for the pairwise parameters 

shown in the column and row of each cell for 1M HCl and 7M LiCl crevice-like-solutions, respectively. 

Additionally, statistically significant (p-value < 0.05) values are indicated in bold font. 

In both electrolytes, the concentration of released metal cations of each element seemed to follow 

the same trend, either increasing or decreasing in quantity altogether. The only exception was W in 7M 

LiCl, which did not present any relationship with any parameter. The other elements had a strong 

significant positive relationship with icp and Epp in 7M LiCl. In contrast, in 1M HCl, only a strong 

positive correlation was seen between the dissolution of the chemical elements and icp. The low 

correlation values obtained for Epp were probably due to the low number of tests where the Epp could 

be measured, as it was mentioned above. Ecrit was correlated to the concentration of dissolved elements, 

especially in 1M HCl, indicating an increment of released cations of all elements, the more negative the 

Ecrit. However, even though the correlation was weaker in 7M LiCl, there was a significant exception 

since W was the only element with no relationship to Ecrit. 

Table 4. Kendall’s correlation coefficient obtained for all tests performed in 1M HCl. Bold numbers 

indicate a statistically significant (p-value < 0.05) correlation coefficient. (T stands for temperature). 

 Cr Fe Ni Mo T icp ETrans ipass Epp Ecorr* Ecrit η 

W 0.93 0.93 0.93 1 0.91 - -0.65 0.00 - 0.07 -0.71 -0.21 

Cr  1 0.99 0.91 0.80 1 -0.32 0.02 0.18 -0.09 -0.84 -0.02 

Fe   0.99 0.91 0.80 1 -0.32 0.02 0.18 -0.09 -0.84 -0.02 

Ni    0.93 0.78 1 -0.31 0.03 0.18 -0.10 -0.82 0.00 

Mo     0.78 1 -0.24 0.10 0.18 -0.15 -0.75 0.04 

T      0.82 -0.40 -0.05 0.67 0.00 -0.73 -0.10 

icp       -0.55 -0.33 0.18 -0.33 -1 -1 

ETrans        0.56 -0.80 -0.42 0.35 0.50 

ipass         -0.91 -0.34 -0.09 0.35 

Epp          -0.18 -0.18 -0.18 

Ecorr*           0.04 -0.90 

Ecrit            0.06 

Table 5. Kendall’s correlation coefficient obtained for all tests performed in 7M LiCl. Bold numbers 

indicate a statistically significant (p-value < 0.05) correlation coefficient. (T stands for temperature). 

 Cr Fe Ni Mo T icp ETrans ipass Epp Ecorr* Ecrit η 

W 0.52 0.52 0.52 0.52 0.11 0.52 -0.59 -0.62 0.20 0.14 -0.33 -0.33 

Cr  1 0.98 0.93 0.16 0.91 0.06 -0.32 0.75 0.30 -0.58 -0.63 

Fe   0.98 0.93 0.16 0.91 0.06 -0.32 0.75 0.30 -0.58 -0.63 

Ni    0.91 0.14 0.93 0.03 -0.34 0.77 0.28 -0.56 -0.60 

Mo     0.11 0.85 0.12 -0.30 0.77 0.32 -0.52 -0.56 

T      0.22 -0.17 0.14 -0.03 0.29 -0.34 -0.47 

icp       -0.03 -0.32 0.75 0.30 -0.58 -0.63 

ETrans        0.43 0.12 0.03 -0.03 -0.03 

ipass         -0.24 -0.10 0.08 0.12 

Epp          0.18 -0.33 -0.38 

Ecorr*           -0.36 -0.54 

Ecrit            0.82 
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4. Discussion 

4.1. Choice of parameters for the critical acidification model 

During stable pit and crevice propagation, Cl- anions migrate inside the pit/crevice to maintain 

electroneutrality as the metal cations are released at the bottom of the attack and undergo hydrolysis 

[27, 35]. Therefore, different Cl- concentrations simulate different propagation degrees. The Cl- 

concentration is limited by the metallic cation saturation concentration, above which a metallic salt film 

precipitates [11]. Some authors have reported maximum Cl- concentration values in artificial and real 

pits of 6N [9] and 12N Cl- [36], respectively. Additionally, Kappes et al. [11] reported the precipitation 

of the salt film in a 22Cr DSS and UNS S32750 to occur between 7N and 9N Cl-, representing the 58% 

and 75% Cl- saturation concentration, respectively. Other authors [15, 37] calculated the critical 

saturation concentration to be 50% for UNS S31600, i.e., approximately 7N Cl- concentration required 

for stability of localized corrosion. Kappes and coauthors [11] observed as well that the maximum 

current density (icp) decreased with higher Cl- content above the saturation concentration. On the other 

hand, icp increased with Cl- concentration in the range below salt film formation. In this regard, the 7N 

Cl- concentration solution was chosen in this work to study the effect of W for being the crevice-like-

solution with the highest icp. Similarly, the pH inside artificial pits has been reported to be close to 0 [9], 

becoming the pH value employed by Kappes et al. [11] and the chosen pH value in this work. 

Galvele [13] developed the critical acidification model for pure metals; hence, the choice of 

parameters, especially for the stability product, must differ when estimating Ecrit in alloys. Bocher et al. 

[14] employed a stability product value of x·icrit = 0.01 A/cm, with x = 0.001 cm for Ni-alloys. This choice 

of parameters results in icrit = 10 A/cm2, a current density value four orders of magnitude larger than the 

icrit determined by Kappes [11] and in this work. Additionally, 10 A/cm2 in the anodic potentiodynamic 

curves can only be reached in transpassive potentials, as seen in Figures 4 and 5, erroneously implying 

that both SDSS would be immune to crevice corrosion at all temperatures. In this regard, the icrit 

obtained in this work, like the one calculated by Kappes [11], were considered to be more appropriate 

for the estimation of Ecrit in DSS. 

4.2. Role of W in crevice-like-solutions 

The theoretical Ecrit values obtained from Galvele’s critical acidification model demonstrate the 

large difference in the aggressiveness of the solutions, as expected. The Ecrit values obtained in 1M HCl 

where all more positive than the oxygen evolution reaction [33], implying that stable localized corrosion 

requires a higher chloride concentration and, thus, the material will suffer transpassive dissolution, i.e., 

Ecrit in 1N Cl- is, in reality, an ETrans. In contrast, Ecrit values for 7N Cl- were low, suggesting that crevice 

corrosion could be possible in neutral chloride environments at all the temperatures investigated. 

Interestingly, Figure 8 clearly shows a significant difference in the concentration of dissolved ions in 

the two solutions, with much higher values for all elements in 7M LiCl. 

Both materials behaved similarly in the 1N Cl- environment. All parameters from the anodic 

potentiodynamic polarizations were in the same range (Figures 4 and 5), with the only exception of 

Ecorr* and ipass, which were lower and higher, respectively, for UNS S32750, indicating a lower corrosion 

resistance in the pit/crevice solution. However, the concentration of dissolved metal cations was similar 

in both SDSSs (Figure 8). Since the anodic potentiodynamic polarization in all tests reached the 

transpassive region, it is suspected that most of the ions were released at these high potentials, causing 

negligible dissolution in the passive region or at Ecorr*.  

In the more aggressive 7M LiCl solution, both materials showed larger differences, especially at 

60°C. Even though all parameters extracted from the anodic potentiodynamic polarization curves 

(Figure 4) were in the same range up to 50°C, the concentration of released ions was higher in UNS 

S39274 than in UNS S32750. Nevertheless, at 60°C, UNS S39274 showed a somewhat better corrosion 

resistance as indicated by icp, Epp, and the lower concentration of dissolved cations. 

Based on the concentration of dissolved metal cations, the d’M reported in Table 3 indicates an 

important difference that can be related to the difference achieved in Ecrit for the two solutions. The only 
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values that changed significantly between the solutions were d’W at all temperatures. In 1M HCl, d’W 

was between 0.9 and 1, suggesting congruent W dissolution, like the other elements. In contrast, in 7M 

LiCl, d’W fluctuated between 0.25 and 0.66, depending on the temperature, suggesting a surface 

enrichment in W. Indeed, W was the only element displaying incongruent dissolution, as all the other 

elements dissolved approximately uniformly at all temperatures. According to the Pourbaix diagrams 

[33], W is the only element capable of forming an oxide layer, WO3, at pH 0. Indeed, a yellow (the color 

of WO3 [33]) reflection was seen on UNS S39274 after the tests. Even though W is a ferrite stabilizer [38], 

ferrite dissolved selectively for UNS S39274, as seen in Figure 7. The dissolved W—in the form of 

tungstate ions—can precipitate forming a WO3 layer, shown to reduce the corrosion rate [39]. A small 

enrichment was measured by EDS (Table 2) in ferrite, but not on austenite. Probably, given the small 

thickness of the deposit, a more surface-sensitive technique such as x-ray photoelectron spectroscopy 

(XPS) or Auger electron spectroscopy (AES) would be needed to confirm this assumption. On the other 

hand, the W-free material showed a uniform attack, as illustrated in Figure 7.  

The analysis of the chemical composition of the phases before corrosion included in Table 2 

showed that both α and γ phases of UNS S32750 are richer in Cr (> 1 wt.%) and Mo (approximately 0.5 

wt.%) than the phases in UNS S39274. The total wt.% (Cr+Mo) difference between the two SDSSs for 

each phase was approximately the same as the content of W in UNS S39274 of that phase. Nevertheless, 

variances in chemical composition alone cannot explain the difference in the corrosion morphology 

observed by SEM (Figure 7). Local probe technique studies of passive film have concluded that, despite 

the higher PRE value of the ferrite phase in SDSS, austenite shows a more noble behavior, i.e., austenite 

is more corrosion resistant than ferrite [40]. However, when the material was exposed to a very 

aggressive environment (i.e., concentrated nitric acid), both austenite and ferrite adopted similar 

passive film properties and their differences disappeared. This observation is in line with the uniform 

corrosion observed in 7M LiCl solution at 60°C of UNS S32750 in this work. Nevertheless, the selective 

dissolution of ferrite observed for UNS S39274 is not in line with the SKPFM results obtained by Rahimi 

et al. [41], where ferrite showed a nobler behavior than austenite. On the other hand, selective 

dissolution of ferrite of SDSS was observed by Långberg et al. [42] as the data obtained by synchrotron 

XRR, XRF and XRD showed a higher dissolution quantity of Fe from ferrite than austenite. 

Additionally, this work observed the following order in element dissolution in UNS S32750 as the 

potentiodynamic polarization applied higher potentials: only Fe at E < 1 VAg/AgCl, then dissolution of Fe 

and Cr at E > 1.2 VAg/AgCl causing an enrichment of Mo and Ni and, finally, dissolution of all elements 

at E > 1.3 VAg/AgCl. This dissolution order fits the behavior seen for UNS S32750 in Table 2, where the 

surface was enriched in Ni and Mo and depleted in Cr and, especially, Fe. However, Rahimi et al. [41] 

stated that W promotes the stability of Mo, Cr and Fe. This statement can explain why the W-rich 

material experimented no Cr impoverishment and a much lower dissolution of Fe than the W-free 

material. 

The improved localized corrosion resistance of UNS S39274 at 60°C—indicated by the lower 

metallic cation dissolution (Figure 8), the lower icp, and higher Epp (Figures 4 and 5)—resulted in a 

higher Ecrit calculated by Galvele’s critical acidification model (Figure 9). The Ecrit value obtained was 

nobler (approximately 100 mV) than that of UNS S32750, and nobler than the Ecrit at previous 

temperatures. The increase of Ecrit at 60°C was mainly due to the shift of η to more noble potentials. As 

stated by Galvele et al. [7], an increment of η indicates a slower dissolution rate.  

Kendall’s correlation coefficient calculated in Tables 4 and 5 also showed a significant difference 

between the quantity of W dissolved into the electrolyte and Ecrit in 7M LiCl. The correlation between 

the dissolution of Cr, Fe, Ni, and Mo and Ecrit is seen in Figures 8 and 9. Up to 50°C, the dissolution of 

these elements increased, whereas the Ecrit decreased. However, at 60°C, this behavior changed for both 

parameters. The dissolution of the elements was reduced, whereas Ecrit increased. In other words, at all 

temperatures, the dissolution quantity and the Ecrit followed exactly the opposite trend, reflected by a 

strong negative value of Kendall’s coefficient.  

The fact that W was not correlated in the same way as the other elements might suggest that; either 

(i) W dissolution increased even though Ecrit was nobler for UNS S39274 than for UNS S32750, or (ii) W 
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dissolution decreased as Ecrit decreases for UNS S39274. Even though Figure 8 shows that W dissolution 

decreased at 60°C in 7M LiCl, as the other elements, whereas d’W (Table 3) indicated that W was released 

in higher amounts at that condition. The only plausible explanation is that the dissolution of W was 

reduced, but not as much as the other elements at 60°C in 7M LiCl. This increment in d’W despite the 

nobler Ecrit at this particular condition for UNS S39274 is most probably the reason why the dissolution 

of W and Ecrit were not correlated. Consequently, the combination of d’W and Kendall’s coefficient 

parameters infer a significant role of W on the improvement of corrosion resistance in propagating 

localized attacks, i.e., 7N Cl- acidic environments, only at 60°C.  

4.3. Prediction of crevice corrosion repassivation potential 

In this work, Galvele’s model was used to estimate the theoretical Ecrit in different crevice-like-

solutions and to study the validity of the model to predict crevice corrosion potentials, more specifically 

ER,Crev as it is widely used to define a protection potential [6]. Figure 10 compares Ecrit values estimated 

by the critical acidification model in this work and by Kappes et al. [11] with experimental ER,Crev results 

of UNS S32750 and UNS S39274 measured by the PD-GS-PD technique in 3.5% NaCl (pH = 6.5) by 

Torres et al. [6]. In this regard, Torres et al. established a TR,Crev = 55°C for UNS S39274 in 3.5 wt.% NaCl 

by the PD-GS-PD technique. In the same study, UNS S39274 polarized at +600 mVAg/AgCl (simulating 

chlorinated seawater [43, 44]) gave a CCT of 55°C in natural seawater. For UNS S32750, that same work 

measured a CCT of 45°C and a TR,Crev of 42.5°C in natural seawater polarized at +600 mVAg/AgCl.  

As seen in Figure 10, the Ecrit estimate by Kappes et al. [11] for UNS S32750 at room temperature 

in 7M LiCl was approximately 70 mV less noble than the one obtained in this work. Additionally, the 

difference between the Ecrit value reported by Kappes and the ER,Crev of UNS S32750 in 1 wt.% NaCl 

environment at 30°C reported by Martinez et al. [45] is only of 20 mV, whereas the difference increases 

to 90 mV when compared to the Ecrit obtained in this work. Nevertheless, many studies have tested 

SDSS, in particular UNS S32750, obtaining critical temperatures (Tcrit) for localized corrosion well above 

30°C [43, 46-49], i.e., Ecrit is within the transpassive region at T ≤ 30°C, differing significantly from the 

Ecrit values measured by Kappes and Martinez et al. 

In this work, the Ecrit values obtained using Galvele’s model were independent of temperature and 

suggested the possibility of crevice corrosion at T ≥ 22 °C. In contrast, PD-GS-PD results gave Ecrit values 

in the transpassive range for T < TR,Crev, which was 40°C for UNS S32750 and 55°C for S39274. The 

discrepancy can be reconciled by the fact that Galvele’s model describes stable localized corrosion 

propagation. The high potentials measured by the PD-GS-PD method in 3.5 wt.% NaCl suggested that 

crevice corrosion initiation is controlled by the breakdown of the passive film at T ≤ TR,Crev (or CCT) as 

suggested by the Li-Scully-Frankel framework [50, 51]. In this regard, while crevice corrosion could 

propagate stably if the concentration of the crevice environment reaches 7N Cl-, in practice, the stability 

of the passive film at T < Tcrit is rate-determining, preventing the development of the critical 

environment required for crevice corrosion propagation. To our knowledge, the effect of temperature 

on the critical acidification model has not been addressed to date. Despite these discrepancies, the Ecrit 

obtained by Galvele’s critical acidification model was in excellent agreement with ER,Crev values 

measured by the PD-GS-PD method in 3.5 wt.% NaCl (pH = 6.5) as seen in Figure 10, i.e., 33 mV 

difference at 60°C and a 66 mV difference at 50°C for UNS S32750, and no difference for UNS S39274 at 

60°C. These findings, therefore, also suggest that the use of the critical acidification model to estimate 

the theoretical Ecrit might require prior knowledge of Tcrit. 

5. Conclusions 

In this work, simulated crevice environments were tested, and Galvele’s critical acidification 

model applied to estimate Ecrit values as a function of temperature and study the effect of W as an 

alloying element in solid solution. The following conclusions were drawn: 
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Figure 10. A comparison of estimated Ecrit and measured ER,Crev for (a) UNS S32750, and (b) UNS S39274, 

as shown. Error bars indicate maximum and minimum values. 

• A 7N Cl – (pH = 0) crevice-like solution was necessary to simulate stable crevice propagation, 

suggesting that W additions could be beneficial only in situations of localized corrosion 

propagation under a salt film. 

• The dissolution morphology was different between materials in 7N Cl-. UNS S32750 experienced 

uniform corrosion of austenite and ferrite phases, whereas α-phase selectively dissolved in UNS 

S39274. 

• Tungsten played a statistically significant role in the 7N Cl- environment at 60°C. The incongruent 

dissolution of W suggested a possible surface enrichment. Both icp and Epp indicated an 

improvement in corrosion resistance in the high-W SDSS. Additionally, the concentration of 

dissolved metal cations of all elements decreased significantly, and statistical analysis indicated 

that W was the only element whose dissolution was independent of Ecrit.  
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• Ecrit values obtained using the critical acidification model were independent of temperature, which 

contrasted with previous findings in simulated seawater environments. In line with the new Li-

Scully-Frankel framework, the discrepancy was attributed to the stability of the passive film as a 

rate-determining step below a Tcrit. Conversely, Ecrit values obtained by the critical acidification 

model were in good agreement with ER,Crev results obtained by the PD-GS-PD technique in 3.5 wt.% 

NaCl for temperatures above TR,Crev.  
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ABSTRACT

Super duplex stainless steels are ferritic-austenitic stainless steels with 25 wt% Cr and a pitting resistance 
Even though other elements, such as Cr and Mo, have been studied in much 

more detail than W, research has shown that an optimal composition exists, in which W in solid solution 
improves localized corrosion resistance. Outside this range, W is ineffective or even detrimental. 
However, the mechanisms by which W improves localized corrosion resistance in stainless steels are 
unclear. For example, debate still exists as to whether W enhances passivity or facilitates repassivation.

In this work, two super duplex stainless steels were investigated: a W-free (UNS S32750) and a 2.1 wt%
W-containing (UNS S39274) grade.  The first goal was to study differences in the overall localized 
corrosion resistance; while the second objective was to gain an insight into the mechanisms by which W 
affects the localized corrosion performance of super duplex stainless steels. The work was divided into
two parts. Firstly, anodic potentiodynamic polarization curves were conducted in different simulated pit 
environments at various temperatures. Two simulated pit solutions were tested: 1 M HCl and 7 M LiCl 
adjusted to a pH of 0. In the second part, crevice repassivation potentials were measured using the 
potentiodynamic-galvanostatic-potentiodynamic technique in 3.5 wt% NaCl pH = 6.5 solution. This
investigation will provide evidence regarding the influence of W in passive film stability and repassivation 
kinetics

Key words: localized corrosion, super duplex stainless steel, crevice repassivation potential, pit-like-
solutions, tungsten
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INTRODUCTION

Super duplex stainless steels (SDSS) are a type of highly alloyed stainless steels, with at least 25 wt%
Cr. Additionally, SDSS have a dual austenitic and ferritic microstructure, with an ideal ratio between 
phases as close to one as possible.1 Because of their high Cr, Mo, and N content, SDSS are widely used 
in corrosive environments where high corrosion resistance is required. However, SDSS can suffer 
localized corrosion in seawater and are limited to a maximum service temperature of 20ºC according to 
NORSOK M-0012 and ISO 214573.

The literature on the effect of alloying elements in the corrosion resistance of duplex (22 wt% Cr) stainless 
steel and SDSS is vast. While most of the interest has been on Cr, Mo, and N, less attention has been 
traditionally paid to W. Haugan et al.4 thoroughly reviewed the state of the art of stainless steels alloyed 
with W and their pitting and crevice corrosion performance in NaCl and seawater electrolytes. In short, 
according to the authors, there seems to be an optimal concentration range in which W, when present in 
solid solution, increases the localized corrosion resistance of the alloy. Outside this range, W can have 
either no effect or even become detrimental towards localized corrosion resistance, weldability, and 
mechanical properties. The authors investigated two SDSS materials that differed, primarily, in their W
content; namely, 0.5 and 2.2 wt% W. Results showed a higher critical crevice temperature (CCT) and 
crevice repassivation potential (ERP,Crev) values for the SDSS with 2.2 wt% W, which was confirmed by 
open circuit potential exposure (EOC) in natural seawater.  

Despite the documented improvements in localized corrosion resistance provided by W, there is no 
agreement regarding the mechanisms by which W increased pitting and crevice corrosion performance. 
Some authors5 have suggested that W enhances passivity, while others6-9 point out that W facilitates 
repassivation by means of tungstate ions once localized corrosion has taken place. Likewise, while there 
is consensus about the beneficial effect of W as a solid solution element, the influence of W in phase 
precipitation kinetics remains controversial. For example, some authors6, 8-11 have found that W retards 

-phas -phase, which has been 
shown less detrimental towards corrosion resistance and mechanical properties -phase. Contrarily, 
others12, 13 claim that W enhances the precipitation kinetics of all tertiary phases, including -phase. 

In practice, in the oil and gas industry, the controversy has led to different standards adopting different 
Pitting Resistance Equivalent (PRE) definitions as discussed elsewhere.4 For example, NORSOK M-0012

defines PRE by the weight percentages of Cr, Mo and N as shown in Equation 1, where the suffix N 
indicates that the original PRE formula proposed by Lorentz and Medawar14 was modified to include 
nitrogen. On the other hand, ISO 214573 includes W in the PRE formula as shown in Equation 2, where 
the subscript W indicates that tungsten was added to the empirical expression.

PREN = %Cr + 3.3%Mo + 16%N                                      (1)
PREN, W = %Cr + 3.3 (%Mo + 0.5%W) + 16%N                (2)

Techniques to evaluate localized corrosion resistance

The choice of experimental technique to assess localized corrosion resistance also plays a role in pitting 
and crevice corrosion research. The different experimental approaches have shown both advantages 
and limitations. The cyclic potentiodynamic polarization (CPP) technique described in ASTM G6115 is the 
most common methodology. Both the pitting or crevice initiation potentials (EP and ECrev, respectively) 
as well as the respective repassivation potential values (ERP and ERP,Crev) can be measured from CPP 
curves. However, for highly alloyed corrosion resistant alloys such as SDSS, localized corrosion does 
not occur within the water stability region and pitting or crevice corrosion can initiate concurrently with 
transpassive dissolution and oxygen evolution.16, 17 The limited pitting or crevice corrosion growth in the 
forward scan represents and intrinsic limitation of the CPP method since ERP values become independent 
of prior pit growth only above certain pit depth according to Sridhar and Cragnolino.18 In this regard, the 
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authors associated this critical pith depth to a minimum charge density of 10 C/cm2. Consequently, 
materials exhibiting a small hysteresis loop or no hysteresis often exhibit high ERP values, making the
proper analysis of their localized corrosion resistance difficult. This limitation is illustrated, for example, 
in the results of Haugan et al.4 for the 2.2 wt% W SDSS below the critical crevice temperature (CCT). 

The potentiodynamic-galvanostatic-potentiodynamic (PD-GS-PD) technique was developed by Mishra 
and Frankel19 as an attempt to circumvent the issues associated with CPP in nickel-based alloys. The 
PD-GS-PD approach is a modification of the Tsujikawa-Hisamatsu Electrochemical (THE) technique,
now implemented as ASTM G192.20 The PD-GS-PD technique consists of three steps: i) a
potentiodynamic anodic polarization until reaching a limit current density value, ii) a galvanostatic step 
where the limit current density value is held, and iii) a final potentiodynamic anodic backwards 
polarization. The aim of the galvanostatic step is to initiate localized corrosion, assuring the attack 
reached the critical pit depth and that a lower bound ERP,Crev value is obtained. Among many 
investigations, Ortiz et al.21 and Giordano et al.22 studied the results of ERP,Crev values obtained with 
different techniques for Alloy 22 (UNS N06022). Martinez at al.23 did the same for UNS S32750 and other 
super-austenitic stainless steels. All of them concluded that the PD-GS-PD technique gave reproducible 
critical potentials, but it might be considered too conservative as it consistently gave low ERP,Crev values. 

The critical acidification model

The critical acidification model first proposed by Galvele24-26 can estimate the critical potential (Ecrit) for 
either pitting or crevice corrosion initiation if the concentration of aggressive species of the electrolyte is 
known. In fact, there are a few studies where this model has been used to estimate critical potentials of 
stainless steels.27-30

When combined with polarization experiments in simulated pit or crevice electrolytes, Galvele’s model 
can be used to obtain mechanistic information regarding localized corrosion propagation. Recently, 
Kappes et al.30 thoroughly reviewed the composition of pit and crevice environments proposed for 
stainless steels and nickel alloys. In addition, the authors investigated artificial pit-like solutions of 
different chloride concentrations to determine the critical potentials of a duplex stainless steel and a
SDSS. The authors found that salt film precipitation occurred at chloride concentrations 9 M or higher. 
Therefore, they concluded that the most representative pit-like solution was close to 7 M Cl-. Furthermore, 
the authors defended the validity of the critical acidification model with field experience and laboratory 
experiments taking as a reference the 7M simulated pit solution and using the PD-GS-PD technique.

In the present work, the effect of W on SDSS has been investigated in simulated pit environments. 
Additionally, the PD-GS-PD technique was used to evaluate the crevice corrosion susceptibility of SDSS 
with and without W in neutral NaCl electrolytes. 

EXPERIMENTAL PROCEDURE

Two different super duplex stainless steels were used in this study: a W free SDSS (UNS S32750) and 
a 2.1 wt% W SDSS (UNS S39274). Table 1 summarizes the composition of both samples. UNS S39274 
was received in the solution annealed condition (10 minutes at 1085ºC) whereas UNS S32750 was 
received as extruded without proper heat treatment. For this reason, UNS S32750 was solution annealed 
for 15 minutes at 1110ºC, followed by water quenching as recommended by the manufacturer.

Samples were wet ground to 500 US-grit SiC paper using deionized water as lubricant immediately before 
starting the set-up of the test. Specimens were subsequently rinsed with acetone, followed by distilled 
water and ethanol and cleaned in an ultrasonic bath with ethanol for 5 minutes. All experiments included 
in this study were performed at least in duplicate.
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Anodic Potentiodynamic Polarization in Pit-Like-Solutions

Anodic potentiodynamic polarization curves were performed in solutions that simulated those present 
inside pits and crevices. Different temperatures were tested: 10ºC, room temperature (i.e., 22ºC) and 
40ºC. The temperature was controlled by means of a cooling/heating bath in which the set-up was 
immersed. Temperature was not controlled in the tests performed at room temperature. Two different pit-
like-solutions were tested: 1M HCl and 7M LiCl. Tests in 1 M HCl were performed to characterize the 
behavior of the materials at pH 0 in the absence of additional chloride ions. The 7M LiCl concentration 
was chosen from the results obtained by Kappes et al.30, since the highest current density was obtained
at this concentration. The pH of the 7M LiCl solution was adjusted to 0 with concentrated HCl, following 
Bocher et al.31 relationship between activity coefficient for H+ and chloride concentration.

An Ag/AgCl KCl saturated electrode was used as reference and a mesh of Pt as counter electrode. 
Samples were immersed in the solution by hanging them with Pt wire. Nitrogen (N2) gas was purged for 
1 hour before immersing the sample in the electrolyte and maintained through all the experiment. Then, 
samples were freely exposed at EOC for 1 hour, followed by anodic polarization with a scan rate of 0.167 
mV/s. The dissolved oxygen content was measured using an optical oxygen probe, which indicated a 
maximum oxygen content of 0.1 ppb.

Crevice Corrosion Tests in Simulated Seawater

A double-wall cell filled with 160 ml of 3.5 wt% NaCl pH 6.5 solution was used for these tests. The samples 
were mounted in a multi-crevice assembly and exposed to the test solution following the description for
flat specimens in ISO18070.32 Each crevice washer had 12 artificially creviced teeth and were covered 
with a PTFE tape as indicated by ASTMG192.20 The applied torque was 5 N·m.22  

The total surface area exposed to the electrolyte was approximately 3 and 11 cm2 for UNS S32750 and 
UNS S39274, respectively. In contrast, the area covered by the crevice former was 4.9 cm2 for both 
materials. 

Nitrogen gas was purged for 2 hours before immersing the sample in the electrolyte and it was kept 
through all the experiment. In addition, the dissolved oxygen concentration was measured by means of 
an optical oxygen sensor to verify that the electrolyte was properly deaerated before immersing the 
samples. The oxygen concentration before polarization was below 0.1 ppb. The temperature was 
controlled by means of a cooling and heating bath connected to the double wall of the set-up. Test 
temperatures were 10ºC, room temperature (22ºC), 40ºC and 60ºC. Temperature was not controlled in 
the tests performed at room temperature.

The electrochemical tests were performed in a three-electrode configuration using a commercially 
available potentiostat. An Ag/AgCl KCl saturated electrode, kept at room temperature and connected to 
the cell via a salt bridge, was used as the reference while a Pt mesh was chosen as counter electrode. 
Specimens were freely exposed at EOC for 15 minutes. After the initial EOC stabilization, a 15 min cathodic 
cleaning step was performed at a cathodic current density of - 2, followed by a 30 min stabilization 
at EOC. The PD-GS-PD technique was performed as detailed by Kappes et al.30 The forward anodic 
potentiodynamic polarization was conducted at a scan rate of 0.167 mV/s, starting at 30 mV below EOC

and ending once A/cm2 was reached. The current was held at A/cm2 for 2 
hours. After 120 minutes, the potential was reversed at a scan rate of 0.167 mV/s, starting from the 
potential at which the GS step finished, until the repassivation of the material. The ERP,Crev was determined 
as a cross-over potential.19

Characterization

After the tests, all samples were rinsed with distilled water and ethanol and were analyzed in an infinite 
focus optical microscope. 
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RESULTS

Anodic Potentiodynamic Polarization in Pit-Like-Solutions
Figure 1 shows the anodic potentiodynamic polarizations obtained in two different crevice-like-solutions: 
1M HCl and 7M LiCl at all the temperatures tested in this project. A chief difference between both crevice-
like-solutions was the current density measured at any potential. In this regard, current densities were at 
least one order of magnitude higher at all temperatures in the 7M LiCl electrolyte for both materials. In 
addition, all results in 7M LiCl presented an active-to-passive transition, whereas 1M HCl had an 
spontaneously passive behavior. The absence of an active-to-passive transition in the 1 M HCl electrolyte 
contrasts with the findings of Kappes et al.30 At room temperature and 40ºC in 7M LiCl, there was a
decrease in the current density values; however, current densities did not decrease to the passive current 
range found in the 1M HCl solution. Therefore, above the flade potential (EFlade), corrosion was likely 
diffusion-limited but it would be incorrect to state that passivation occurred at these temperatures. The 
critical current density obtained before passivation, iFlade, was the same for both materials in all conditions, 
although EFlade was lower for UNS S39274 at room temperature and 40ºC in 7M LiCl. In addition, iFlade

increases with temperature in 7M LiCl and passive current density (ip) increases as well with temperature 
in 1M HCl.

Prediction of Crevice Corrosion Potential

Galvele’s critical acidification model24-26, described by Equation 3, can be used to estimate critical 
potentials (Ecrit) if the concentration of aggressive species in the solution is known.

Ecrit = Ecorr inh                                (3)

Where Ecorr

required to reach a critical current (icrit rop 
along the pit or crevice and Einh is an additional polarization required in the presence of buffers or 
inhibitors. Henceforth, in order to simplify the model, Einh is considered negligible to the contribution of 
Ecrit. Although this assumption was arbitrary, it is considered acceptable since the Ecrit value obtained with 
this simplified model is more conservative, i.e. lower Ecrit.

The ohmic potential drop term is estimate by means of Equation 4:30, 31

                                                                                       (4)

w 31 30, x is the 
diffusion distance considered to be 10-4 cm.33 icrit is the critical current mention above and can be 
estimated by following the relationship in Equation 5 given by Galvele:25

                                                              x·icrit = k                                           (5)

where k s a constant that is function of the metal and pH of the solution and which is given the value of 
10-6 A/cm in this case.33

The icrit obtained with Equation 5 is 10-2 A/cm2. This value of current density was reached in all cases 
except in 1M HCl at room temperature and 40ºC for UNS S39274 as can be seen in Figure 1. According 
to Equation 4, was  so low compared with the other terms that it was neglected.
Finally, Ecrit can be calculated by means of Equation 3. Values of Ecorr

potentiodynamic curves and are shown together with the calculated Ecrit in Table 2. 
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Crevice Corrosion Tests in Simulated Seawater

The results obtained with the PD-GS-PD technique are illustrated in Figure 2 for all tested conditions.
Because of the nearly-neutral pH of the solution, there was no active-passive transition for any of the
samples. As seen in Figure 2, the passive current density was the same for both materials at 10ºC, room 
temperature (22ºC), and 60ºC. However, the passive current was higher for UNS S32750 at 40ºC. 
Furthermore, small fluctuations in current density were present in the results for UNS S32750 and only 
at 60ºC for UNS 39274. These small fluctuations might be related to metastable pitting prior to crevice 
propagation.34

Crevice corrosion initiated concurrent with transpassive dissolution in all cases as evidenced by the high 
breakdown potential values of 0.8 – 1.05 VAg/AgCl for UNS S32750 and 1.0 – 1.1 VAg/AgCl for UNS S39274. 
The decrease in potential during the galvanostatic step was small in all cases apart from the samples 
tested at 60ºC as illustrated in Figure 3.

Figure 4 shows the ERP,Crev obtained for each material as a function of test temperature. Both SDSS had
identical ERP,Crev potential values as determined by the PD-GS-PD technique. In addition, both alloys gave 
the same temperature dependence, with a sharp drop in ERP,Crev above 40ºC. The largest difference
between the two alloys was seen at 10ºC and 40ºC, where the repassivation potential of UNS S39274 
was in the order of 20 mV more positive than that of UNS S32750. 

Crevice corrosion was observed on both materials at 40ºC and 60ºC as seen in Figure 5. In addition,
Figure 6 and Figure 7 illustrate the number of crevices and the corresponding depths for each material.
At 40ºC UNS S32750 had a larger number of crevice corrosion areas than UNS S39274 as indicated by 
the higher number of crevices, even though their depth was in the same range for both alloys. At 60ºC, 
the number of crevices was higher and the attack deeper on UNS 39274 than on UNS S32750. However,
the median crevice depth of UNS S39274 was smaller compared to that of UNS S32750.  

In contrast, only minor discoloration was found at 10ºC and room temperature (22 ºC). These results are 
in accordance with the temperature limit in NORSOK M-0012 and ISO 214573, but seem to contradict 
Haugan’s et al.4

DISCUSSION

Anodic Potentiodynamic Polarization in Pit-Like-Solutions

Anodic current density was much higher in 7M LiCl than in 1M HCl at all temperatures for both alloys. In 
other words, the chloride concentration directly affected the corrosion resistance of both alloys, 
decreasing with increasing chloride concentrations as it has been shown previously by others.21, 28, 35, 36  

In 1M HCl, both materials behaved similarly at 10ºC and at room temperature. However, passive current 
densities were higher for UNS S32750 at 40ºC than UNS S39274. In 7M LiCl, both materials performed
similarly at 10ºC, but UNS S39274 had a lower EFlade at room temperature and 40ºC than UNS S32750, 
even though current density decreased more in the case of UNS S32750. Kappes et al.30 tested UNS 
S32750 in 7M LiCl at room temperature. They obtained a much lower EFlade and passive current density 
values than the ones obtained in this study. Nevertheless, the UNS S32750 samples studied by those 
authors had slightly different composition than the one studied here, being the main difference the fact
that it had 0.55 wt% W. Therefore, it might lead to think that W helps to get lower passivation current at 
lower potentials. However, in this study, the higher W content material did not follow this behavior, only 
the fact that the decrease in current density was achieved at lower potentials.

Prediction of Crevice Corrosion Potential

Table 2 shows the Ecrit values obtained for all temperatures by means of Galvele’s model.24-26 The 
discussion regarding the values chosen for the terms used in the model can be found elsewhere.30, 31, 33
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Kappes et al.30 followed the same procedure for UNS S32750 in 7M LiCl concentration pit-like-solutions 
at room temperature and obtained a value of Ecrit that differed only in 63 mV from the one obtained in this 
study for the same alloy in same environment at same temperature. Thereby, Galvele’s model was able 
to estimate similar Ecrit, despite the fact that the anodic potentiodynamic polarization did not look similar 
as mentioned in the paragraph above. The reason is that Galvele’s model does not take into account the 
passive behavior of the material, but the potential at which the icrit is reached which is before the 
passivation region.

The estimated values of Ecrit in 7M LiCl were different from the ERP,Crev values obtained with the PD-GS-
PD technique in this project. Only the ERP,Crev obtained at 60ºC was similar to the values obtained of Ecrit, 
even though Ecrit was not estimated at 60ºC. In other words, the critical acidification model predicted that 
crevice corrosion should have initiated at low potentials. However, below 60 °C, crevice corrosion started 
at transpassive potentials. It is possible that experimental setup or the choice of experimental technique 
were not aggressive enough to obtain ERP,Crev values comparable to Galvele’s model. Since the choice 
of crevice former has been shown to affect anodic polarization results.22, 37, 38 In fact, Martinez et al.23

used ceramic wrapped crevice formers and obtained ERP,Crev at 40ºC comparable to the estimated Ecrit

obtained here. Likewise, evaluating the CCT using alternative techniques such as the ASTM G-48 
methodology could yield useful comparisons, which is planned as future work. 

On the other hand, the estimated values of Ecrit in 1M HCl were closer to ERP,Crev obtained at the same 
temperatures, even though the difference was still significant since it was about 250 mV between them.
As seen in the results, as crevice corrosion was not aggressive at 10ºC, room temperature or 40ºC, 1M 
HCl crevice-like-solution estimated closer Ecrit than 7M LiCl.

Crevice Corrosion Tests in Simulated Seawater

The crevice repassivation values obtained in the PD-GS-PD tests in 3.5 wt% NaCl solution with 6.5 pH
summarized in Figure 4 suggested that W did not have a measurable role in the crevice repassivation 
kinetics since both alloys had comparable ERP,Crev values at all temperatures. Only small differences were 
seen at 10ºC and 40ºC, where the crevice repassivation potential of UNS S39274 was about 20 mV 
higher than that of UNS S32750. However, ERP,Crev values were within the transpassive region in both 
cases. Thereby, it is necessary to perform more test at temperature intervals of 5ºC between 40ºC and 
60ºC to verify whether W plays an important role in the crevice repassivation potential. In addition, testing 
the materials at higher temperatures such as 75ºC and 95ºC which are the critical crevice temperatures 
(CCT) obtained by Haugan et al.4 for these alloys might show bigger differences in the repassivation 
kinetics.

Tungsten seemed, nonetheless, to improve passivity at 40ºC as reflected by the lower passive current 
density and the absence of metastable events. However, W did not help in more aggressive conditions 
as at 60ºC, where the passive current density was similar in both alloys and both have presence of 
metastable pitting, besides the fact that the ERP,Crev drops to the same value.  

Haugan et al.4 observed the largest difference between both SDSS using the repassivation potential (ERP) 
measured on crevice-free specimens as an estimator of the conditions leading to crevice corrosion 
initiation. In that case, the critical crevice temperature determined based on ERP was 30 °C higher on the 
high-W SDSS. However, the difference in the critical crevice repassivation temperature (CCRT) 
estimated by ERP,Crev on creviced coupons was 10°C. The fact that they applied a lower torque (2 N·m) 
does not affect the comparison of results between both studies because Akashi et al.39 demonstrated 
that crevice repassivation potential was independent of applied torque for torques above 1 N·m and, 
later, Giordano et al.22 proved that crevice repassivation potential was independent for torques higher 
than 2 N·m using several different techniques, CPP and PD-GS-PD among them. The result for UNS 
S32750 was in accordance with the values obtained in this study as well, since in this test the drop in 
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ERP,Crev was observed only at 60ºC. In contrast, the decrease in ERP,Crev happened at 50ºC for UNS 
S39274. This nonconformity between the results from the two studies indicate that the PD-GS-PD 
technique could be more aggressive than CPP, blurring the influence of differences in chemical 
composition.

Martinez et al.23 reported that the ERP,Crev values obtained by means of PD-GS-PD technique for UNS 
S32750 and other stainless steel alloys for solutions with a chloride concentration between 10.000 and 
100.000 ppmwt tested between 30ºC and 90ºC, were independent of temperature and chloride 
concentration. The solution tested in this research falls in between said range of chloride concentration 
(3.5 wt% = 35.000 ppmwt). Consequently, results from both studies can be compared taking into account 
that the test parameters were the same. The only exception is the material of the crevice washers used, 
which were ceramic in the case of Martinez et al. Thereby, even though their ERP,Crev for 60ºC was in line 
with the one obtained in this study, Figure 4 indicates clearly a temperature dependence for both alloys. 
This difference might be explained by the fact that the crevice washers used by Martinez et al. were 
ceramic whereas the ones used in this research were made of PTFE as ceramic crevice formers result 
in more aggressive crevice corrosion, i.e., lower ERP,Crev

22, 37, 38.

Despite the fact that there was not a clear difference in the ERP,Crev between both materials included in 
this test program, there are differences in the number of crevices as seen in Figure 6 and in the crevice 
depth distribution as illustrated in Figure 7. At 40ºC, both materials had similar median crevice depth 
values as shown in Table 3, i.e., there was no difference in the crevice sizes. However, UNS S32750 
presented a higher density of crevices. On the other hand, at 60ºC, UNS S39274 exhibited higher density 
of crevices and, even though it has a lower median crevice depth value than UNS S32750, it produced 
the deepest crevice. Consequently, no clear conclusion can be made at 60ºC between both materials.

CONCLUSIONS

After studying the effect of W in solid solution in two different materials: a W-free SDSS (UNS S32750) 
and a 2.1 wt% W SDSS (UNS S39274); the following conclusions could be drawn from the results 
obtained in this paper:

o There were no differences in Ecrit estimated by means of Galvele’s critical acidification model 
between both materials in both crevice-like-solutions.

o Results in 1M HCl suggested that crevice corrosion should not occur between 10ºC and 40ºC, as 
the Ecrit obtained was higher than Etrans. 

o PD-GS-PD tests seemed to support the estimation made by the critical acidification model at 1M 
HCl, as the only ERP,Crev value obtained below Etrans was at 60ºC. 

o The choice of electrochemical technique seems to play a crucial role on estimating crevice 
corrosion resistance. More work is ongoing to compare results with long-term OCP exposure in 
seawater.
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TABLES 

Table 1: Chemical composition, including PRE values calculated, of the SDSS samples provided 
by the suppliers for the specific batches used in this project (in wt%) 

Material
PREN /
PREN,W

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

UNS S32750 43 / 43 0.014 0.27 0.51 0.021 0.0009 0.14 6.42 25.6 3.83 0.295 - Bal. 

UNS S39274 40 / 43 0.018 0.24 0.71 0.021 0.002 0.52 6.3 24.9 3.1 0.29 2.1 Bal. 

Table 2: Prediction of crevice critical potential based on Galvele's model, including Ecorr

values obtained from the plot results.
7M LiCl 1M HCl

10ºC 22ºC 40ºC 10ºC 22ºC 40ºC

Ecorr* 
(VAg/AgCl)

UNS S32750 -0.283 -0.286 -0.324 -0.162 -0.142 -0.152

UNS S39274 -0.289 -0.282 -0.292 -0.159 -0.167 -0.160

(VAg/AgCl)
UNS S32750 0.265 0.166 0.091 1.341 1.297 1.267

UNS S39274 0.289 0.146 0.079 1.354 1.337 1.295

Ecrit
UNS S32750 -0.017 -0.120 -0.232 1.179 1.155 1.115

UNS S39274 0.00 -0.137 -0.213 1.195 1.170 1.135

Table 3: Median values of crevice depth obtained from Figure 7
Material UNS S32750 UNS S39274

Temperature 10ºC 22ºC 40ºC 60ºC 10ºC 22ºC 40ºC 60ºC

No crevices No crevices 4.5 25 No crevices No crevices 5.2 19.2
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FIGURES 

Figure 1-Potentiodynamic polarization curves measured in deaerated simulated crevice 
solutions at 10ºC, room temperature and 40ºC.

11

©2018 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



Figure 2-Current density vs potential measured during PD-GS-PD experiment for a) UNS S32750 
and b) UNS S39274. Only one test was included in the plot for each condition since the test were 

reproducible.
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Figure 3-Potential evolution over time for all test conditions during the 2 hours galvanostatic 
step in the PD-GS-PD technique
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Figure 4-Crevice repassivation potentials for both SDSS as function of temperature. Each data 
point represents an average of two independent PD-GS-PD tests.

Figure 5-Sample surface indicating with black circles crevices present after PD-GS-PD tests for 
a) UNS S32750 at 40ºC, b) UNS S32750 at 60ºC, c) UNS S39274 at 40ºC and d) UNS S39274 at 

60ºC.
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Figure 6-Number of crevices observed in each sample after PD-GS-PD tests

Figure 7-Box and whiskers plot showing the data distribution of crevice depth for both materials 
at 40ºC and 60ºC. The horizontal line inside each box represents the median of the distribution, 
i.e. the midpoint value of the distribution. Each box contains 50% of the distribution points (25% 
above and other 25% below the median). Each whisker represents other 25% of the distributions 

points. Each dataset includes both repetitions together.
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ABSTRACT

Previous research in 25Cr Super Duplex Stainless Steels (SDSS) has shown that an optimal W 
concentration as an element in solid solution exists, in which W improves localized corrosion 
resistance. Outside this range, W is either ineffective or even detrimental. However, debate still exists as 
to whether W accelerates or retards the precipitation of delete phase. 

The objective of this investigation is to elucidate the influence of W on phase transformation kinetics and 
its corresponding effect on corrosion resistance. Herein, a SDSS containing 2.1 wt. % W (UNS S39274) 
has been investigated and compared to a W-free SDSS (UNS S32750) studied previously. Different 
isothermal heat treatments were performed to precipitate tertiary phases in the microstructure. The alloy 
microstructure was analyzed and quantified by Scanning Electron Microscopy-Energy Dispersive X-ray 
Spectroscopy (SEM-EDS) and Electron Backscatter Diffraction (EBSD) and the type and volume fraction 
of deleterious phases quantified. 

After characterization, critical pitting temperature (CPT) tests were performed in which samples were 
freely exposed (OCP) in 6 wt%. FeCl3 solution starting at 40ºC. Then the temperature was increased 5ºC 
every 24 hours until corrosion was initiated. The temperature at which corrosion was initiated was taken 
as the CPT.

Key words: duplex stainless steels, critical pitting temperature, sigma phase, chi phase, chromium 
nitrides, time-temperature-transformation diagram.
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INTRODUCTION 

Corrosion resistance properties of super duplex stainless steels with secondary phases 

Super duplex stainless steels (SDSS) are a type of high-alloyed stainless steel that has been described 
extensively in the literature.1-7 They are widely used in the oil and gas industry due to their well-known 
high corrosion resistance properties. However, their properties deteriorate when secondary phases 
precipitate in the microstructure.1, 2, 8 These deleterious phases are typically related to some type of 
heating processes such as e.g. welding or heat treatment. There are many different types of secondary 
phases that precipitate in SDSS. The most common ones are chi-phase ( -phase), sigma-phase ( -
phase), chromium nitrides (Cr2N) and secondary austenite ( 2).1, 9-12 Table 1 summarizes the 
temperature range in which some of these phases have been observed precipitating in duplex stainless 
steels (DSS) and SDSS. Even though these phases have already been described in detail elsewhere,13 

-phase since it is the most abundant in the microstructure and the most 
detrimental for both the mechanical and corrosion properties of the material.  

Some authors14-17 claim that the properties of SDSS can be improved with the presence of these 
deleterious phases if tungsten (W) is added in solid solution since W is able to delay the appearance of 

-phase which is the most detrimental phase. However, other authors12, 18 claim that, in fact, W does not 
-phase, but also accelerates other secondary phases; resulting in a detrimental 

effect to the corrosion resistance properties. 

As this controversial discussion continues, Haugan et al.7 suggested that an optimal range of 
concentration for W in solid solution exits. Inside this range, W improves corrosion resistance in the 
material; otherwise it has a detrimental effect. The enhancement of the corrosion resistance properties 
is associated with -phase formation, as mentioned above.  

 

Table 1: Summary of the most relevant deleterious phases in DSS and SDSS. 

Secondary phase Nominal chemical formula Temperature range, °C 

 Fe-Cr-Mo (W, Mn, Si) 600-1000 

 Fe32Cr12Mo10 750-850 

Nitrides Cr2N (CrN, less common) 700-900 

 

Motivation 

In a previous study,13 two SDSS with different W content (one of them was W-free and the other low-W 
content  0.62 wt. %.) were exposed to different isothermal heat treatments and, afterwards, 
characterized by means of scanning electron microscopy (SEM), backscattered electron (BSE), energy 
dispersive x-ray spectroscopy (EDS), electron backscatter diffraction (EBSD) and light optical microscope 
(LOM). The combination of all these techniques allows the complete characterization of the 
microstructure and all precipitates present in it. In addition, critical pitting temperature (CPT) tests were 
performed for each isothermal heat-treatment in order to quantify the corrosion resistance property of the 
material at a given condition. As a result, temperature-time-transformation (TTT) diagrams with CPT data 
were plotted for each material. In this way, the time and temperature at which - -phase 
appeared were easily observed, besides their effect on the corrosion resistance of each material for each 
isothermal heat treatment. Furthermore, a third SDSS with higher W content (2.1 wt. %.) was included, 
but only one isothermal temperature exposure was performed.  
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In this study, the same procedure has been applied to the SDSS with 2.1 wt. % W (UNS S39274) in order 
to complete the TTT diagram together with corrosion resistance data for the remaining isothermal aging 
temperatures.  

EXPERIMENTAL 

Materials 

Table 2 shows the chemical composition of the alloy UNS S39274 studied in this paper. The material 
was received in the shape of a pipe with a wall thickness of 30 mm. Round samples were machined with 
a diameter of 25 mm and a thickness of 2 mm. 
 

Table 2: UNS S39274 chemical composition in wt. %. 

 C Cr Ni Mo Cu W N PREN PREN,W 

UNS S39274 0.018 24.9 6.30 3.10 0.52 2.10 0.29 39.8 43.2 

 

Heat treatment 

Solution annealing (SA): Following the recommendation of the alloy manufacturer, all samples were 
solution annealed for 16 minutes (i.e., 1 minute temperature stabilization + 15-minutes annealing) at 
1100°C in an air furnace to produce a homogeneous microstructure. The solution annealing step was 
followed by water quenching to room temperature. The objective of the solution annealing step was to 
remove prior heat treatment history.  

Isothermal heat treatments: After solution annealing and quenching, the various sub-sets of samples 
were isothermally aged in an air furnace at three different temperatures: T1 = 846°C, T2 = 790°C, and T3 
= 920°C; followed by water quenching at room temperature. During each heat treatment, a K type 
thermocouple was inserted next to the sample in order to verify the correct temperature of the heat 
treatment. The value of T1 was chosen close to the temperature at which the fastest precipitations kinetics 

-phase and Cr2N should be expected.19 T2 -phase formation 
-phase and Cr2N. In contrast, because T3 -

phase, the influence of isothermal Cr2 -phase. Table 3 shows the test 
matrix of the isothermal heat treatments. 
 

Table 3: Isothermal heat treatment temperature-time (Txty) combinations. 
Temperature, °C time, seconds 

T1 = 846 

t1 = 60 
t2 = 90 
t3 = 120 
t4 = 240 
t5 = 600 

T2 = 790 

t1 = 60 
t2 = 120 
t3 = 240 
t4 = 600 
t5 = 1200 

T3 = 920 

t1 = 60 
t2 = 120 
t3 = 240 
t4 = 600 
t5 = 1200 
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Characterization 

Surface preparation for the characterization of the samples was carried out by grinding and polishing the 
samples down to 1 micrometer diamond particles. Afterwards, the samples were rinsed with acetone, 
followed by rinsing with distilled water and cleaned with ethanol in ultrasonic bath for 5 minutes. Then, 
characterization of the samples after the isothermal heat treatments consisted of different techniques: 

LOM: Samples isothermally aged at 846ºC were electro-etched in 15 wt. %. KOH with an applied potential 
of 3 V for 12 seconds. Isothermal heat treated samples at 790ºC and 920ºC were electro-etched following 
the Statoil technical note MAT-201008020 which consisted of two different electro-etching steps: i) 10% 
oxalic acid with an applied potential of 5 V for 3 seconds and ii) 20% NaOH with an applied potential of 
1.5 V for 10 seconds. Afterwards, the samples were taken to an infinite focus microscope (IFM) where 
optical images were acquired at a magnification between 10x and 50x. 

SEM/BSE: The samples were taken to a SEM and analyzed by means of a back scattered electron (BSE) 
beam with an accelerated voltage of 20 kV to observe if precipitation of secondary phases had occurred. 

EDS: This technique was used to examine the difference in composition of the secondary phases 
precipitating in the samples and to correlate the chemical composition measured to a type of intermetallic 
phase. In addition, measurements were carried out in the SA samples in order to obtain the chemical 
composition of ferrite grains , austenite grains ( ) and bulk material with the aim to detect in which 
elements the intermetallic phases are enriched.  

EBSD: The samples analyzed by means of EBSD had to go through extra surface preparation steps. 
After being polished down to 1 micrometer diamond particles, the samples were electro-polished in a 
mixture 5.3% H2SO4 - 94.7% Methanol at 18V for 30 seconds, followed by oxide polishing suspension 
(OPS) polishing that consists of a 0.02 m colloidal silica suspension on a chemical cloth, which 
combined mechanical and chemical polishing. Quantitative analyses of volume fraction of the different 
phases were performed from the data acquired. 
 

ASTM G48 modified 

Corrosion resistance properties of the samples were tested as well for each isothermal heat treatment 
exposure. The test carried out consisted of a critical pitting temperature test in 6 wt. % FeCl3, prepared 
by dissolving 100 g FeCl3·6H2O in 900 mL of distilled water. In this test, the samples were freely exposed 
to the electrolyte and the open circuit potential (OCP) was constantly monitored. The temperature was 
controlled to ± 1°C using a heating plate. The temperature was increased 5ºC every 24 hours until the 
potential dropped below +500 mV vs. SCE (Standard Calomel Electrode). Once the potential dropped 
below this value, it was considered that pitting had initiated in the sample. After the test, samples were 
taken to an infinite focus microscope (IFM) that acts as LOM and to SEM to document the localized 
attack. 
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RESULTS 

Materials characterization 

LOM: The microstructure of each sample was successfully revealed using the electro-etching method 
described above. Austenite ( ) and ferrite  grains were easily discernible in all samples. In addition, 
Figure 1 includes pictures where precipitates can be observed in the samples with the longest isothermal 
heat treatments. It can already be seen that the secondary phases were smaller and fewer in the sample 
isothermally aged at 790ºC for 600 seconds (Figure 1 (b)) than for the other temperatures. On the other 
hand, samples isothermally aged at 920ºC for more than 600 seconds (Figure 1 (c) and (d)) showed the 
highest density of intermetallic phases.  

 
(a) (b) 

(c) (d) 

Figure 1: Light optical microscopy after isothermal aging at (a) 846ºC for 600 s, (b) 790ºC for 
600 s, (c) 920ºC for 600 s and (d) 920ºC for 1200 s. 

SEM/BSE: Precipitates are visible in the SEM by means of the BSE. As delivered (AD) and SA samples 
showed no precipitates. Isothermal heat treated samples showed precipitates at different times 
depending on the temperature of the treatment. At all three temperatures, secondary phases started 
precipitating at grain boundaries after 240 seconds. Nevertheless, the intermetallic phases were very 
small at 790ºC and 846ºC; especially when the isothermal heat treatment was performed for only 240 
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seconds. As the isothermal heat treatment time increased, the precipitates grew in size and started 
surrounding all the grain boundaries and, in some cases, started appearing in the ferrite grains as seen 
in Figure 2. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 
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(g) 

 
(h) 

Figure 2: Scanning electron microscopy after isothermal aging at (a) 846°C for 240 s,  
(b) 846°C for 600 s, (c) 790ºC for 240 s, (d) 790°C for 600 s, (e) 790ºC for 1200 s,  

(f) 920ºC for 240 s, (g) 920ºC for 600 s and (h) 920°C for 1200 s. 

Another noteworthy result is that a different type of phase was observed precipitating on the grain 
boundaries at 920ºC starting after 600 seconds as illustrated in Figure 3. It is distinguishable from the 
previous intermetallic phase by its duller appearance with the BSE, meaning that it consists of lighter 
elements. This statement was confirmed afterwards by means of EDS and EBSD. 

 

 
(a) 

 
(b) 

Figure 3: Scanning electron microscopy after isothermal aging at (a) 920°C for 600 s and  
(b) 920°C for 1200 s 

 

EDS: First, the brighter particles were analyzed and the results are summarized in Table 4 and Figure 4. 
It was not possible to perform analyses of the sample isothermally aged at 846ºC for 240 seconds 
because the precipitates were too small. Furthermore, the results obtained for isothermally aged samples 
at 790ºC are very scattered as seen in Figure 4 due to the same reason. It can be seen that this first 
secondary phase to precipitate is richer in Mo and W while it is depleted of Fe and Ni in comparison with 
the bulk composition of the material. 

Austenite 
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Table 4: -phase in each sample compare to the bulk material in wt. %. 

 
 

 
Figure 4: Box & whiskers plot of EDS analyses performed on bright precipitates. 

 

The second intermetallic phase to precipitate at 920ºC after 600 seconds, i.e. the duller particles in Figure 
3, was analyzed afterwards and the results are illustrated in Figure 5. It is enriched in Mo and W in 
comparison with the bulk material. However, in this case, the enrichment is not as large as in the previous 
precipitate. This is the reason why it appears duller with the BSE. In addition, it is found that it is enriched 
as well in Cr, and as before, it is depleted in Fe and Ni. Table 5 summarizes the chemical composition of 
each phase found in this SDSS. 

T2t4 T2t5 T3t3 T3t4 T3t5
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 T2t4  T2t5  T3t3  T3t4  T3t5

Cr
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64 Fe

T2t4 T2t5 T3t3 T3t4 T3t5
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T2t4 T2t5 T3t3 T3t4 T3t5
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14 W

Elements T1t5 T2t4 T2t5 T3t3 T3t4 T3t5 Bulk 

Cr 27.04 25.32 24.80 25.20 25.72 25.04 24.9 

Fe 49.85 57.10 52.02 51.60 50.34 49.16 61.8 

Ni 3.31 4.54 4.46 3.39 3.03 2.87 6.3 

Mo 9.47 7.25 9.76 10.25 11.01 12.14 3.1 

W 7.33 5.96 8.07 9.20 9.83 10.76 2.1 

T2t4: 790ºC for 600 s 
T2t5: 790ºC for 1200 s 
T3t3: 920ºC for 240 s 
T3t4: 920ºC for 600 s 
T3t5: 920ºC for 1200 s 
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Figure 5: Box & whiskers plot of EDS analyses performed on dull particles. 

 

Table 5: Average chemical composition of each phase found in wt. %. 
Secondary phase Fe Cr Ni Mo W 

 63.5 26.4 4.7 2.9 2.5 

 64.7 24.1 7.3 1.9 1.9 

-phase 55.2 29.7 3.7 6.6 4.5 

-phase 52.0 25.2 3.7 10.8 9.5 

 

EBSD: All phases present are successfully detected as seen in the example in Figure 6. In this way, 
together with the EDS results, -phase, whereas 
the second phase with a duller appearance -phase. From these analyses, volume fraction values 
were obtained for each phase. 
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Figure 6: EBSD map from isothermal aged sample at 920ºC for 1200 s where the different 

phases can be seen (red = austenite, green = ferrite, yellow = sigma, blue = chi). 

 

Correlation between microstructure and corrosion resistance 

Thus far, corrosion tests have only been performed on samples isothermally aged at 846ºC. Figure 7 
illustrates the results obtained for some of the samples. The results show that the CPT value decreases 
with increased isothermal heat treatment time. Furthermore, once the intermetallic phases are present in 
the microstructure, the decrease accelerates abruptly. This clear influence of the intermetallic phases on 
the corrosion resistance properties of the material is verified after analyzing the corroded samples in the 
SEM/BSE as illustrated in Figure 8. In these pictures, localized corrosion is seen where intermetallic 
phases were located.

Combining the results of the corrosion tests with the characterization of the intermetallic phases results 
in Figure 9. It consists of a TTT diagram with information of the precipitation kinetics of each secondary 
phase, as well as their effect on the corrosion resistance properties of the material shown by means of 
CPT values. When the difference in volume fraction of both deleterious phases  is less than one 
order of magnitude, it is represented in the TTT diagram as a circle half white and half black and the 
measured volume fraction for each phase is included under 
Figure 9). Otherwise, the most abundant precipitate symbol is used as shown in the legend of Figure 9 
with the volume fraction values measured for each type of secondary phase seen. 
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(a) 

 

 
(b) 

 
(c) 

 
(d) 

 
Figure 7: Open circuit potential in 6 wt. % FeCl3 as a function of time and temperature after 

aging at 846°C for (a) 60 s, (b) 90 s, (c) 120 s and (d) 600 s. 
 

 
(a) 

 
(b) 

Figure 8: Scanning electron microscopy after CPT test of samples isothermally aged at 
846°C for 600 s at (a) 1000x and (b) 2000x magnification. Black spots are corrosion attacks. 
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Figure 9: Summary of Time Temperature Transformation diagram overlapped with the 
corresponding minimum CPT. 

 

DISCUSSION 

The results obtained indicate that, even though intermetallic phases started precipitating at the same 
time at the three studied temperatures, the size of the intermetallic phases was not the same. The 
secondary phases were generally bigger at higher temperatures. In addition, the density of precipitates 
increased with increased exposure time. At the beginning, they precipitated at the grain boundaries. As 
the grain boundaries were filled, secondary phases started precipitating in the ferrite grains. In this study, 
the latter was only observed at 920ºC for isothermal heat treatment times longer than 600 seconds. It is 
explained in the literature21 that intermetallic phases precipitate first in ferrite grains rather than in 
austenite because Cr and Mo have higher diffusion rate in ferrite. This faster diffusivity is due to the bcc 
structure of ferrite that is less compact than the fcc structure of austenite. 

Two different secondary phases were identified precipitating in this SDSS. First, a small bright particle 
that was enriched in Mo and W, whereas it was depleted in Fe and Ni, was found at all temperatures for 
times longer than 240 seconds.  The amount of these particles increased as the time of the isothermal 
heat treatment increased. This intermetall -phase due to its high Mo content.21-

23 An attempt to analyze if there was -phases 
precipitated at different temperatures and different times was carried out. Nevertheless, in some cases, 

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



 
the precipitates were too small to be analyzed by means of EDS. Furthermore, EDS is not a technique 
that gives the exact chemical composition of a small particle since it analyzes as well the surroundings 
and the bulk material beneath. Therefore, no formal statistical analyses could be performed to see if 
significant differences existed; even though Figure 4 indicates th -phase incorporates more Mo and 
W as time and temperature increase, while it gets depleted of Fe and Ni. 

On the other hand, a second intermetallic phase was found for isothermally aged times longer than 600 
seconds. Besides being enriched in Cr in comparison to the bulk material, this phase was enriched as 
well in Mo and W, although not as much as -phase. -phase, it was depleted in Fe and Ni. This 
secondary phase was present only at grain boundaries and it was incrementing in quantity as isothermal 
heat treatment time -phase due to its Mo 
content.21-23 Figure 5 shows -phase between 
isothermal aging times, even though a formal statistical analysis should be performed in order to be able 
to confirm that there is no significant difference. 

Similar results were obtained in other studies published in the literature. For example, Calliari et al.22 
-phase. Above 

-phase -phase. Villanueva et al.24 observed that, even 
-phase precipitation kinetics were faster at about 850ºC for the duplex stainless steel they 

studied, a higher Mo content in the alloy shifted the precipitation temperature to higher values. Llorca et 
al.23 observed th -phase was present in bigger -phase for short isothermal aging times 
in UNS S32750. 

UNS S32750 (W-free) was also studied by Bernås et al.13 together with a UNS S32760 with 0.62 wt. %. 
W isothermally aged at the same temperatures and times as in the present study. Their aim was to 
examine the effect of W on precipitation kinetics of secondary phases. Since -phase after 
only 60 seconds at 920ºC for UNS S32760, whereas it precipitated after 240 seconds for UNS S32750; 

-phase precipitation, i.e. W deteriorated corrosion resistance properties of the 
SDSS. However, in the present study, -phase was only seen after 600 seconds. Consequently, this 
result demonstrates that W retards -phase when the SDSS has a content of 2.1 wt. % 
W in solid solution. Other authors14, 17, 25 -phase precipitation. 

Finally, the results show clearly that the presence of intermetallic phases become detrimental for the 
corrosion resistance properties of the material since the CPT values obtained decreased w -phase 
was present. The drop in CPT is more abruptly seen for samples isothermally aged at 846ºC for 600 
seconds. However, it is not clear whether the responsible is the precipitation of -phase or the bigger 

-phase in the microstructure. The reason is that, since the secondary phases are enriched in 
Cr, Mo and W as seen in Table 5, there is a depleted area of these elements surrounding it. Consequently, 
this depleted area has a lower PRE number, making it more susceptible to localized corrosion. There are 
many studies11, 13, 21 that show data in accordance to this conclusion. However, this study could not prove 
that -phase has a higher detrimental effect on the corrosion resistance properties of UNS S39274 than 
-phase as some literature suggests.14, 17, 25  

Figure 9 summarizes all the data from both intermetallic phase characterization and corrosion testing in 
a complete and simple manner, making analyses and comparison of the results fast and easy.  A similar 
diagram was prepared by Bernås et al.13 for UNS S32750 (W-free) and UNS S32760 (0.61 wt. % W). 
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CONCLUSIONS 

The following conclusions were drawn for UNS S39274 based on the outcome of the investigation 
described herein:  

 The main secondary phase found at the studied isothermally aged temperatures and times was 
-phase. The size and quantity precipitated depended on time and temperature of the isothermal 

heat treatment. Size enlarged as temperature and time increased. 

 W retarded phase precipitation as it was only seen for isothermal aging longer than 600 
seconds.  

 The corrosion resistance deteriorated abruptly when secondary phases were present in the 
microstructure. 

 ng CPT and the type of phase that precipitated has been 
established. 
 

ACKNOWLEDGEMENTS 

We thank Di Wan (NTNU) and Thibaud Choquet (INSA Lyon) for their help and technical support in the 
lab. This work was sponsored by General Electric, Co. (Oil and Gas, Norway) and conducted at NTNU's 
Department of Mechanical and Industrial Engineering (MTP). 

 

REFERENCES 

1. J.O. Nilsson, Materials Science and Technology 8, 8 (1992): p. 685-700. 
2. J. Charles, "Super duplex stainless steels: structure and properties," Duplex Stainless Steels '91,  

(Beaune, Bourgogne, France: Proceedings. Les Éditions de Physique Les Ulis, 1991),  p.  151-168. 
3. L.F. Garfias-Mesias, J.M. Sykes, C.D.S. Tuck, Corrosion Science 38, 8 (1996): p. 1319-1330. 
4. G. Byrne, R. Francis, G. Warburton, M. Maligas, "The Selection Of Superduplex Stainless Steel For 

Oilfield Applications," CORROSION 2004,  paper no.  04123 (New Orleans, LA: NACE International, 
2004). 

5. R. Sriram, D. Tromans, Corrosion 45, 10 (1989): p. 804-810. 
6. L.F. Garfias-Mesias, J.M. Sykes, Corrosion 54, 1 (1998): p. 40-47. 
7. E.B. Haugan, M. Næss, C. Torres Rodriguez, R. Johnsen, M. Iannuzzi, Corrosion 73, 1 (2017): p. 53-67. 
8. K.M. Lee, H.S. Cho, D.C. Choi, Journal of Alloys and Compounds 285, 1-2 (1999): p. 156-161. 
9. R. Francis, G. Byrne, G. Warburton, "The Corrosion Of Superduplex Stainless Steel In Different Types Of 

Seawater," CORROSION 2011,  paper no.  11351 (Houston, TX: NACE International, 2011). 
10. J.O. Nilsson, P. Kangas, A. Wilson, T. Karlsson, Metallurgical and Materials Transactions A: Physical 

Metallurgy and Materials Science 31, 1 (2000): p. 35-45. 
11. P. Paulraj, R. Garg, Advances in Science and Technology Research Journal 9 (2015): p. 87-105. 
12. J.O. Nilsson, T. Huhtala, P. Jonsson, L. Karlsson, A. Wilson, Metallurgical and Materials Transactions A 

27, 8 (1996): p. 2196-2208. 
13. M. Bernås, I. Westermann, A. Jernberg, A.H. Qvale, R. Johnsen, C. Torres, M. Iannuzzi, "Effect of 

Tungsten on the Precipitation Kinetics and Localized Corrosion Resistance of Super Duplex Stainless 
Steels," CORROSION 2018,  (Phoenix, Arizona, USA: NACE International, 2018),  p.  15. 

14. K.Y. Kim, P.Q. Zhang, T.H. Ha, Y.H. Lee, Corrosion 54, 11 (1998): p. 910-921. 
15. S.-H. Jeon, S.-T. Kim, I.-S. Lee, J.-S. Kim, K.-T. Kim, Y.-S. Park, Journal of Alloys and Compounds 544 

(2012): p. 166-172. 
16. K. Ogawa, H. Okamoto, M. Ueda, M. Igarashi, T. Mori, T. Kobayashi, Welding International 10, 6 (1996): 

p. 466-472. 
17. H.J. Park, H.W. Lee, Int J Electrochem Sc 9, 12 (2014): p. 6687-6698. 
18. S. Wessman, R. Pettersson, steel research international 86, 11 (2015): p. 1339-1349. 
19. J.O. Nilsson, Materials Science and Technology 8, 8 (1992): p. 685-700. 

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



 
20. MAT 2010080, "Technical note  Metallographic etching of duplex stainless steels" (Oslo, Norway: Statoil 

ASA, 2010). 
21. K.W. Chan, S.C. Tjong, Materials (Basel) 7, 7 (2014): p. 5268-5304. 
22. I. Calliari, M. Pellizzari, E. Ramous, Materials Science and Technology 27, 5 (2011): p. 928-932. 
23. N. Llorca-Isern, H. López-Luque, I. López-Jiménez, M.V. Biezma, Materials Characterization 112 (2016): 

p. 20-29. 
24. D.M.E. Villanueva, F.C.P. Junior, R.L. Plaut, A.F. Padilha, Materials Science and Technology 22, 9 

(2006): p. 1098-1104. 
25. J.S. Kim, H.S. Kwon, Corrosion 55, 5 (1999): p. 512-521. 
 
 
 

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.


	113175_PhDCover_Cristian_Torres
	113175_PhD_Cristian_Torres_83_NY

