
EFFECT OF MICROSTRUCTURE AND 
SURFACE FINISH ON LOCALIZED 
CORROSION PERFORMANCE OF SUPER 
DUPLEX STAINLESS STEEL IN 
SEAWATER

Monika Næss

Subsea Technology

Supervisor: Roy Johnsen, IPM

Department of Engineering Design and Materials

Submission date: June 2014

Norwegian University of Science and Technology



 



I 
 

PREFACE 

This master thesis was carried out as a part of a project run by NTNU and GE Oil & Gas. 

Corrosion tests of Super Duplex Stainless steel at different temperatures were 

performed at then NTNU/SINTEF Corrosion Lab.  

I would like to thank Professor Roy Johnsen at the Materials Department of at NTNU for 

his excellent guidance and encouraging and welcoming atmosphere whenever needed. 

I’m impressed by his capacity and availability at all times despite a very busy schedule.  

I would also send a thank you to Mariano Iannuzzi for his enthusiasm, sharing of 

knowledge and literature on the subject and for helping me with the data analysis and 

presentation. I’m very lucky to have such passionate and enthusiastic guidance. Thank 

you to GE also for providing sample material for my research.  

I also want to thank John Erik Lein at SINTEF for helping me pickling my samples.  

I also appreciate the help and support from Cristian Torres for the help at the lab and for 

helping me with finishing the experiments. Thanks to Arild Sæther at the IPK workshop 

who machined the samples for my experiments.   

I am very grateful for the enthusiasm and support given to me from colleagues at DNV 

and for the support from my patient husband who has supported me in every possible 

way during this project. 

Trondheim, June 2014 

Monika Næss 

  



II 
 

  



III 
 

ABSTRACT 

Corrosion resistant alloys (CRAs) used in subsea pressure-retaining components must be 

compatible with production fluids and resistant to pitting and crevice corrosion in 

seawater. Whereas materials selection in production environments is governed by well-

established international standards such as ISO 15156, much debate still exists as of 

how to determine the seawater localized corrosion resistance of higher grade CRAs such 

as duplex super duplex stainless steels (DSS and SDSS, respectively).  

While most industry specifications rely on the ASTM G48 standard to determine 

localized corrosion resistance, for duplex and super-duplex stainless steels there is no 

consensus on surface finish prior testing (e.g. polishing or pickling) and test temperature 

(e.g. 50 °C in NORSOK 630 versus 40 °C in ASTM A923). Moreover, it is unclear whether 

existing procedures are sensitive enough to determine the onset of deleterious phases 

such as σ-phase and chromium nitrides.  

The objective of this investigation was to quantify the seawater pitting corrosion 

resistance of a type 25Cr SDSS (UNS S32750) and its correlation with microstructure and 

surface finish before testing. Cyclic potentiodynamic polarization (CPP) testing was used 

to determine the effect σ-phase on the corrosion response of the system. CPP results 

were then compared against industry standard practices based on the ASTM G48 

Method A test.  

In addition, CPP tests were conducted at various temperatures, ranging from 25 to 90°C, 

to determine the effect of deleterious phases on critical pitting temperature (CPT) and 

overall localized corrosion resistance. 

The results from this project indicate that the Critical Pitting temperature for standard 

solution annealed Super Duplex Stainless Steel is 60-70°C. It is also shown that the 

corrosion resistance is reduced for material that contains sigma phase showing a Critical 

Pitting Temperature of 40-50°C. The surface treatments seem to have less effect on the 

values, but pickled surfaces gave a more repeatable result.  
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1 INTRODUCTION AND EXPERIENCE FROM AVAILABLE LITERATURE 

1.1 BACKGROUND 
Corrosion resistant alloys (CRAs) used in subsea pressure-retaining components must be 

compatible with production fluids and resistant to pitting and crevice corrosion in 

seawater. Whereas materials selection in production environments is governed by well-

established international standards such as ISO 15156, much debate still exists as of 

how to determine the seawater localized corrosion resistance of higher grade of 

Corrosion Resistant Alloys (CRAs) such as duplex super duplex stainless steels (DSS and 

SDSS, respectively).  

While most industry specifications rely on the ASTM G48 standard to determine 

localized corrosion resistance, for duplex and super-duplex stainless steels there is no 

consensus on surface finish prior testing (e.g. polishing or pickling) and test temperature 

(e.g. 50 °C in NORSOK 630 versus 40 °C in ASTM A923). Moreover, it is unclear whether 

existing procedures are sensitive enough to determine the onset of deleterious phases 

such as σ-phase and chromium nitrides.  

The objective of this investigation was to quantify the seawater pitting corrosion 

resistance of a type 25Cr SDSS (UNS S32750) and its correlation with: i) alloy’s 

microstructure and ii) surface finish before testing. Cyclic potentiodynamic polarization 

(CPP) testing was used to determine the effect of the presence of σ-phase on the 

corrosion response of the system. CPP results were then compared against industry 

standard practices based on the ASTM G61 Method A test. In addition, CPP tests were 

conducted at various temperatures, ranging from 25 to 90°C, to determine the effect of 

deleterious phases on critical pitting temperature (CPT) and overall localized corrosion 

resistance.  
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1.2 DUPLEX STAINLESS STEELS  
An overview of Duplex stainless steels (DSS) are given by J.O. Nilsson [1]  

Duplex Stainless Steels may be defined as a family of steels having a two phase ferritic-

austenitic microstructure, the components of which are both stainless, i.e. contain more 

than 13%Cr. In practice, the term DSS is reserved for alloys in which ferrite and 

austenite are present in relatively large separate volumes and in approximately equal 

volume fractions, as opposed to alloys in which one constituent appears in the form of 

small precipitates. When the DSS were compared with austenitic steels several 

advantages became apparent, namely, higher mechanical strength, superior resistance 

to corrosion, and a lower price because of the low nickel content. It was later realised 

that advantages could be obtained from the use of DSS in environments where, owing 

to stress corrosion cracking, standard austenitic steels were inappropriate.  

The interest in DSS in recent years derives from the high resistance of high alloy DSS to 

chloride induced corrosion, which is a problem of major concern in many marine and 

petrochemical applications. Perhaps even more important are the great improvements 

in weldability achieved by reducing the carbon content and increasing the nitrogen 

content. An attractive combination of corrosion resistance and mechanical properties in 

the temperature range - 50 to 250°C is offered by DSS. For example, the resistance to 

stress corrosion cracking and pitting corrosion is excellent and in many cases superior to 

that of standard austenitic steels of comparable cost. Owing to the fine grained 

structure yield strength values typically twice those of austenitic grades are obtained in 

the annealed material state without any substantial loss in toughness. It is important to 

stress, however, that DSS are less suitable than austenitic steels above 250°C and below 

- 50°C because of the brittle behaviour of ferrite at these temperatures. 

A factor of economic importance is the low content of expensive nickel, usually 4-7% 

compared with 10% or more in austenitic grades, as a result of which the life cycle cost 

of the DSS is the lowest in many applications.  

There has been an increased use of nitrogen as an alloying element, stabilising austenite 

and therefore replacing nickel in this respect. As a result of this, austenite reformation 

during welding has become more rapid and in addition improved corrosion resistance, 

in particular resistance to pitting corrosion, have been obtained.  

The use of stainless steels and other corrosion resistant materials in corrosive 

environment has increased drastically over the last 30 years. The development of high 

strength materials with good weldability and corrosion resistance contributes to weight 
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reduction, reduced maintenance activities and they have a nice and smooth surface 

finish that is easy to keep clean.  

Super duplex is by definition a duplex stainless steel with a Pitting Resistance Equivalent 

Number (PREN) ≥ 40.   

PREN = %Cr + 3.3%Mo + 16%N 

Some include the content of Tungsten also in the formula giving the following 

expression: 

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

Most super duplex grades have 25% chromium or more. The most common grades are 

S32760, S32750 and S32550. [2] The composition and main characters are listed in Table 

1 

Table 1 Composition of Super Duplex 

UNS Material Fe Cr Ni Mo N Other 

S32550  Bal 25 5,5 3,5   

S32750* SAF 2507 Bal 25 7 3,5 0,27 Co(1,0) 

S32760  Bal 25 7 3,5   
* Material used in this thesis 

According to NORSOK M-001 25Cr Duplex stainless steel cannot be used in seawater 

above 20°C however this requirement is based on chlorinated seawater since most 

seawater for process use is chlorinated. [2].  
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1.3 PITTING CORROSION AND POLARIZATION CURVES 
Pitting corrosion occur on passive metals and alloys in corrosive environment containing 

chlorine, bromine, iodine or perchlorate ions when the potential exceed a critical value 

called the Pitting Potential. This limit is depending on many different factors e.g. pH, 

temperature, oxide layer, electrolyte composition, flow rate, surface finish and 

microstructure. [3] 

The Open Circuit Potential (OCP) will be different for different environments. This is the 

potential that is natural for an alloy in an electrolyte without applying any potential. 

Traditionally the PREN has been used to compare different alloys and their resistance to 

pitting corrosion. However this is not sufficient to fully describe or evaluate the pitting 

resistance of a material as there are many other factors than chemical composition that 

affects the pitting resistance of a material. An alternative way of describing the 

resistance to pitting corrosion is to evaluate the difference between Pitting Potential 

(EP)), Re-passivation Potential (ERP) and Corrosion potential (ECORR). The alloy can be 

considered seawater resistant if ERP-ECORR > 200mV [4]. These parameters can be 

determined by running a cyclic polarization scan. A typical plot from such a scan is 

shown in the schematic in Figure 1.  

 

 

Figure 1 Typical cyclic polarization scan [5] 
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EP is defined as the least positive potential at which pits can form. EREP is the potential 

where the material comes back to a passive state after pits have been formed.  

There are several ways of defining the critical potentials when running cyclic 

polarization scans. For this project the Pitting potential (EP) is defined as the inflection 

point as shown in Figure 2 below. It is the point where a sharp increase in current 

density occurs. Notice that in this plot, the current density is plotted on the vertical axis 

and the potential on the horizontal axis.  

 

Figure 2 Definition of pitting potential [5] 
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The Repassivation potential (ERP) is defined as the potential where the current density is 

below 2µA/cm2 as shown in Figure 3 

 

Figure 3 Definition of Repassivation Potential [5] 
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For conditions where the steel show transpassive behaviour and therefore has no clear 

pitting potential the transpassive potentials are measured at the inflection point as 

shown in Figure 4. In these cases the transpassive potential is reported instead of the 

pitting potential.  

 

Figure 4 Definition of Transpassive Potential [5] 
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The Passive Current Densities (ipass) are defines as the average or midpoint of the current 

density in the passive state. This is shown in Figure 5 

 

Figure 5 Definition of Passive Current Density 
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1.4 CRITICAL PITTING AND CREVICE TEMPERATURE 
The Critical Pitting Temperature (CPT) and the Critical Crevice Temperature (CCT) have 

been investigated by many researchers over the years, but for such complex forms of 

corrosion with many parameters, the values seem to vary. CPT is the temperature 

where the pitting is likely to initiate and it can be found in many different ways. The 

most common one is by using a standard method like the one described in ASTM 

standard G48 E [6] or similar. It can also be found by evaluating an EP vs Temperature 

plot as done in this project.   

CCT is dependent on the repassivation properties of a material. ERP is a measure of the 

susceptibility of a material to localized corrosion. ERP is related to the repassivation of 

growing pits. In the "deep pit condition", a growing pit can be visualized as a special case 

of crevice corrosion. Early work correlated crevice corrosion resistance with ERP of lower 

grade stainless steels.  

By measuring Repassivation potential (ERP) vs Test temperature (T) we can infer a critical 

temperature, which could be associated with the initiation of crevice corrosion. [7] 

Some of the CPT and CCT values given by the suppliers of steel are presented in Table 2. 

The test methods are not given for all values, but it gives an indication of how much the 

results are varying. The values given by the suppliers and the critical temperatures given 

in the literature show that there are no common temperature limit for Super Duplex SS 

in seawater defined. See table 2-4.  

Table 2 Critical Pitting and Crevice Corrosion Temperatures grade UNS S32750 

SUPPLIER CPT [°C] CCT [°C] REFERENCES 

SANDVIK 80 (ASTM G48) 50 Appendix C 
OUTOKUMPU 84±2 (ASTM G150)  

65 (ASTM G48) 
35 [8] 

LANGLEY ALLOYS >50 (ASTM G48) - [9] 
SANDMEYER STEEL >95 (1M NaCl) 42 (10% FeCl3) [10] 
 

From available literature some other values are found.  

A. B. Høydahl [11] did research on crevice corrosion at different potentials. The different 

potentials represent different environments and chloride contents. The results are listed 

in Table 3. The experiments were done on a slightly different type of Super Duplex SS 

namely UNS 32760 that contains some extra alloying elements like Copper (Cu) and 

Tungsten (W) compared to UNS S32507. 
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Table 3 Measured CCT and weight loss of UNS S32760 at different potentials [11] 

POTENTIAL  
[V*] 

CCT  
[°C] 

REMARK  

+0,250  > 92 No corrosion occurred  

+0,300 89±1 Potential area for OCP with normal biofilm  

+0,350 73±1 Potential area for OCP with normal biofilm  

+0,400 49±1 Potential area for OCP with normal biofilm  

+0,500 61±1  
+0,550 63±1  

+0,600 51±1 Corresponds to OCP in presence of chlorine 

*Ag/AgCl Reference electrode 

Other critical temperatures collected from available literature are listed in Table 4.  

Table 4 CPT and CCT from previous research 

STEEL GRADE CPT CCT TEST METHOD REFERENCE 

UNS S32507 78 38 ASTM G48 [12] 
UNS S32507 

 
50  

30(welded) 
CrevCorr 
Artificial seawater 

[13] 

UNS S32507 82 68 Potensiostatic test 700mV Ag/AgCl [14] 
UNS S32750 87,6 - Potensiodynamic test 1M NaCl [15] 
UNS 32507 80±5 - ASTM G48 [1] 
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1.5 EFFECT OF MICROSTRUCTURE  
Super Duplex Stainless Steel has a microstructure consisting of the two phases Austenite 

and Ferrite. If the heat treatment is not performed correctly some unwanted secondary 

phases can be formed. See Figure 7 for the Temperature-Time-Transformation (TTT) 

diagram for Super Duplex SS.   

Formation of precipitates changes the properties of the material. Higher Cr and Mo 

content promotes the precipitation of phases such as σ (Sigma), χ (Chi) and α’ (alpha 

prime) when exposed to temperatures of 300°C and 900°C.  Above all the σ -phase is 

considered to be the most detrimental phase in Super Duplex Stainless Steels. It affects 

the mechanical properties by making the material more brittle and weaker. The phase 

depletes Cr and Mo from the surrounding phases leading to a reduction in corrosion 

resistance. It has been shown from potential and current transients that the alloy 

became susceptible to pitting when σ phase was present. [16] This effect is investigated 

further in this master thesis.  

Bastos et al. [17] performed pitting corrosion tests of samples with and without phase 

precipitates in a Sodium Chloride (NaCl) solution at 25°C, 60°C and 90°C. The results of 

their anodic polarization are shown in Figure 6. Sample A was not heat treated, Sample 

B had been heat treated for 15 minutes at 800°C and Sample C for 2 hours at 800°C.  

The figures show that the corrosion current density is strongly dependent on the 

microstructure and on temperature. The samples with secondary phase precipitates 

reach the current limit criterion of 3mA/cm2 at very low potentials even at low 

temperatures. These samples also show a less smooth curve indicating less homogenous 

electrode reactions than the untreated sample. [17]  
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Figure 6 Polarization curves at 25 (top) and 90° C (bottom) after immersion for 30 min. 

 

The TTT diagram for Super Duplex Stainless Steel (Grade SAF 2507) is shown in Figure 7. 

[1] The TTT diagram shows at what temperatures and exposure time the different 

phases and precipitates are formed. The heat treatment used for this project is marked 

with red arrows; 875°C for 7 minutes, then quenched in water to room temperature.   
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Figure 7 Temperature - Time - Transition Diagram for Super Duplex Stainless Steel [1] 

 

1.6 THE EFFECT OF ALLOYING ELEMENTS 
The different alloying elements are added to the steel to give the steel its mechanical 

and chemical properties. The amount of the different elements in addition to the 

fabrication process will determine the materials strength, ductility, microstructure, 

temperature resistance, weldability and corrosion properties. For Super Duplex SS the 

following alloying elements are the most relevant.  

Chromium (Cr) 

Chromium (Cr) is one of the main alloying elements in stainless steels. It is a ferrite 

former and at concentrations above 12% it can make a stable passive film on the metal 

surface. Increasing the Cr content up to 30% gives a better corrosion resistance, 

however at higher concentrations the risk of getting unwanted precipitates and change 

in mechanical, forming and welding properties. Adding other alloying elements to 

improve the chromium oxide film performance is therefore recommended instead of 

adding more chromium. [18] 
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Nickel (Ni) 

Nickel (Ni) improves the chromium oxide and has good repassivation properties. It 

stabilizes Austenite and the amount of Ni required to retain the austenite structure is 

decreasing with increased Carbon content in the steel. Nickel improves the ductility at 

low temperatures and increases the resistance against acids. [18]   

Molybdenum (Mo) 

Molybdenum (Mo) is added to the steel to improve the resistance against localized 

corrosion such as pitting or crevice corrosion. Mo increases the strength of the passive 

layer by creating a layer of MoO4
2- at the surface. The negative Cl- ions will be repelled 

and will not have access to the surface to degrade the oxide layer. Mo is also a ferrite 

former. [18] 

Nitrogen (N) 

Nitrogen (N) is an austenite stabilizer and it increases the concentration of Mo at the 

surface. This is due to ammonium ions that lower the pH at the surface causing 

increased formation of MoO4
2-. Nitrogen improves the weldability of duplex stainless 

steels and can have a positive effect on avoiding hydrogen embrittlement. Ni increases 

the resistance against localized corrosion at concentrations up to 0,25%. At higher 

concentrations the material becomes more brittle. [18] 

Tungsten (W) 

Addition of Tungsten (W) to Super Duplex SS show increased resistance to pitting and 

stress corrosion with the ratio of W to Mo content. The rate of embrittlement and the 

nucleation and growth of the σ phase due to aging is significantly delayed with 

increased W content. [19]    

1.7 SURFACE FINISH  
The exact condition of a surface can have a large influence on the pitting initiation and 

growth of a material. In general, samples prepared with a rough surface finish are more 

susceptible to pitting and has a lower pitting potential. For stainless steels heat 

treatment, polishing and abrasive blasting have been reported to decrease the pitting 

resistance, whereas pickling with Nitric and Hydrofluoric Acid is beneficial. [20] A 

smooth and clean surface will have less initiation points where pitting can occur.  

The more homogenous the surface is, both chemically and physically, the higher the 

pitting potential, the lower the pit number and the better resistance to pitting corrosion. 

The effect of roughness on the pitting potential has been well documented. Surface 

treatments like polishing or chemical treatment in HNO3 with additions of H2SO4, HF or 
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HCL will increase the pitting potential due to a smooth metal surface, removal of sulfide 

inclusions and enrichment of chromium in the stainless steel surface. [21] 

There is not a lot available literature describing the difference of pickled and non-pickled 

surfaces. It might be because the difference is not very clear and there are other 

parameters like surface roughness that will have a larger influence on the corrosion 

properties.  
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2 EXPERIMENTS 

To investigate the corrosion properties of Super Duplex SS experiments were performed 

according to the following procedure. The objective was to quantify the seawater pitting 

corrosion resistance of Super Duplex SS and its correlation with microstructure and 

surface finish.  

The experiments were carried out at NTNUs corrosion lab at IPM in January to March 

2014. The material that was tested was a sample of UNS S32570. See Appendix A for 

chemical composition and mechanical properties.  

2.1 TEST PROCEDURE 
1. The sample material was provided by GE Oil & Gas. Composition and mechanical 

properties are given in the Material Data Sheets in Appendix B. 

2. The samples were machined at the workshop at NTNU, department of 

production and quality engineering (IPK) according to Figure 10 

3. A total of 64 samples were tested according to the conditions presented in Table 

2 below.  

4. 32 of the samples were heat treated prior to testing to simulate poor heat 

treatment causing σ phase precipitation. These samples were put into the 

furnace at 875°C and kept there for 7 minutes before they were quenched in 

water. See Figure 7 for TTT diagram. The furnace used was a Nabertherm N 

17/HR at the heat treatment laboratory at NTNU.   

5. The micro structure was revealed by polishing and etching as described in ASTM 

A-923 and the precipitates were counted according to ASTM E562. The standards 

are described in section 2.2.   

6. The surfaces of all samples were polished with SiC paper grade 600 and rinsed in 

ethanol in an ultrasonic bath for 5 minutes.  

7. 32 of the samples were pickled according to NORSOK M-630. [22] The samples 

were lowered into a solution of 20% Nitric Acid (HNO3) and 5% Hydrofluoric Acid 

(HF) at a temperature of 60°C and kept there for 5 minutes. Special safety 

procedures for handling HF were followed.   

8. The surface roughness was measured on some of the samples. There was no 

clear difference in surface roughness for the pickled or non-pickled samples. The 

values were in the range of Ra ~2,5µm 

9. After the polishing and/or pickling the samples were rinsed in distilled water and 

left in a desiccator for minimum 24h prior to testing.  
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10. The samples were connected to the potentiostat by platinum thread. The 

potentiostat used was a Gamry Interface 1000 connected to a computer with 

Gamry software. Two samples were run in parallel in different   

11. 3,5 wt. % NaCl solution was used as electrolyte and heated to the given test 

temperature by a hot plate connected to a thermostat.  

12. pH of the electrolyte was measured before and after the test by a calibrated pH 

meter. 

13. The electrolyte was connected to a calibrated SCE reference cell using a tube 

filled with electrolyte and a cotton string to provide constant connection (salt 

bridge). The reference cell was filled with saturated Potassium Chloride (KCl) 

solution.  

14. The sample was lowered into the electrolyte when the electrolyte was at test 

temperature.  

15. The OCP was measured for one hour before the polarization scan. During this 

hour Nitrogen gas was used for purging to remove the oxygen in the solution. The 

purging continued during the whole test.   

16. The sample was polarized at a rate of 600mV/h from OCP until the current 

density reached the limit of 5mA/cm2 was reached. Then the potential was 

brought back down at the same rate. Most of the samples were brought back to 

OCP, but some scans were stopped a bit earlier when assured that the 

repassivation potential was reached.  

17. The samples were rinsed in water and pictures were taken and stored. The 

pictures are found in Appendix C 

18. Some of the samples were examined in a microscope to evaluate the corrosion 

and surface after testing. The samples were examined first and then polished 

slightly with 3µm diamond suspension to reveal the pits and to remove the 

oxides. Then they were examined in the microscope again to confirm if pitting 

had occurred.    

19. The data from the tests was stored and evaluated.   
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Figure 8 Sample geometry 

 

The two different microstructures examined in this project are shown in Figure 9 and 

Figure 10. The samples with the solution annealed microstructure, as delivered, showed 

clear grains of Austenite and Ferrite. There are no visible signs of precipitations. 

 

Figure 9 Microstructure of Super Duplex Stainless Steel, Solution Annealed, no sigma phase. 
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The samples that were heat treated for 7 minutes at 875°C showed precipitations at the 

grain boundaries. These precipitations are assumed to be mainly σ phase. The volume 

fraction of precipitations were 5% according to counts done in accordance with ASTM E-

562 [23]  

  

Figure 10 Microstructure of Super Duplex Stainless Steel, Heat treated steel, ~5% sigma phase 

 

A total of 64 samples were tested at temperatures from 25°C to 90°C as shown in table 

5. 2 types of microstructures and both pickled and non-pickled surfaces were tested. 

The count of the precipitates in the heat treated samples gave a volume fraction of 5% 

(±1,5).  

Two samples were tested at each condition for reference. Hence one test contains 2 

parallel samples. The results are based on the average value between the two parallel 

samples. An overview of the tests is given in Table 5.  
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Table 5 Test overview 

TEMP 
[°C] 

SOLUTION 
ANNEALED, 
POLISHED 

SOLUTION 
ANNEALED, 

PICKLED 

5 % SIGMA, 
POLISHED 

5 % SIGMA, 
PICKLED 

25 TEST 1 TEST 9 TEST 17 TEST 25 

30 TEST 2 TEST 10 TEST 18 TEST 26 

40 TEST 3 TEST 11 TEST 19 TEST 27 

50 TEST 4 TEST 12 TEST 20 TEST 28 

60 TEST 5 TEST 13 TEST 21 TEST 29 

70 TEST 6 TEST 14 TEST 22 TEST 30 

80 TEST 7 TEST 15 TEST 23 TEST 31 

90 TEST 8 TEST 16 TEST 24 TEST 32 
 

The set-ups for the experiments are shown in Figure 11 and Figure 12. The two setups in 

Figure 11 are equal. The only difference is the type of heater and container used.  

 

Figure 11 Parallel test set-ups, potentiostat, Nitrogen bottle and logging system. 
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Figure 12 Sketch of test setup 
(W – Working electrode, C – Counter Electrode, R – Reference electrode) 
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2.2 STANDARDS 
There are several standards available for pitting corrosion testing and evaluation. The 

following standards were used in this master thesis.  

ASTM G 61 - Standard test method for conducting Cyclic Potentiodynamic Polarization 

measurement for localized corrosion susceptibility of Iron-, Nickel-, or Cobalt-based 

alloys [24] 

This standard covers a procedure for conducting Cyclic Potentiodynamic Polarization to 

determine relative susceptibility to localized corrosion in a chloride environment. The 

solution used is 3,56% Sodium Chloride (by weight). The surface is to be wet polished 

with 600 grit SiC paper and the sample is to be cleaned in detergent and ultrasonic bath 

for 5 minutes before it’s rinsed in distilled water and dried. The test temperature is 25 ± 

1°C. The test cell contains of a container of NaCl solution, a platinum counter electrode, 

a salt bridge probe connected to a reference electrode and the test specimen. Nitrogen 

gas is used for purging to remove oxygen for minimum one hour before immersion of 

the test sample.  

ASTM E 562 – Standard Method for determining volume fraction by systematic 

manual point count [23]  

This standard describes a method for calculating volume fraction of constituents using a 

polished planar cross section of the specimen. The standard includes examples of 

circular or square grids that can be used. The grid may be in the form of a transparent 

sheet or it can be superimposed upon the microscope images.  

The standard includes formulas to calculate the volume fraction and the statistical 

precision of the results.  

The test grid used in this thesis is shown in Figure 13 

 

Figure 13 Circular Grid used for determining volume fraction of sigma phase in test specimen.  
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ASTM A 923-03 Standard test method for detecting Detrimental Intermetallic Phase in 

Duplex Austenitic/Ferritic Stainless Steels [25] 

The standard includes a procedure for electrochemical etching of the surface. The 

specimen is etched in a 40 % (by weight) sodium hydroxide (NaOH) solution at 1-3V for 

5 to 60 seconds. In this thesis 1,5V for 30-40 seconds were used. After etching the 

specimen are to be rinsed in acetone followed by air drying before it was examined in a 

confocal microscope. Examples of pictures are given in Figure 8 and Figure9.  

ASTM G46-94 Standard Guide for Examination and Evaluation of Pitting Corrosion [26] 

This standard describes several techniques for examination and evaluation of pitting 

corrosion. It includes both destructive and non-destructive methods. A standard rating 

chart is given to compare the extent of pitting corrosion for different samples. However 

this method may not be sufficient in itself. In this master thesis this method was used in 

addition to pit depth measurement using a confocal microscope and visual examination. 

Pictures of all samples are given in Appendix C.  

 

Figure 14 Standard rating charts for pits 
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NORSOK M-630 [22] 

This standard includes material requirement in a collection of Material Data Sheets for a 

range of different materials used for process equipment and piping. The standard 

requires a corrosion test according to ASTM G48 and recommends samples pickled for 5 

minutes in 20% HNO3 and 5% HF at 60°C. This pickling method is used in this master 

thesis.  

  



26 
 

  



27 
 

3 RESULTS 

The results from the testing done during this project are described in this chapter. All 

values for potential refer to a Saturated Calomel Reference Electrode (SCE). The area of 

the samples used for calculating the current densities was 16,9cm2. The values given in 

tables etc. are based on the average of the two values for the parallel samples run at 

each condition. Where pitting occurred the Pitting Potential is plotted. For the samples 

showing transpassive behaviour the transpassive potential is plotted.  

All values and plots are given in Appendix A. Only a small selection of the results is given 

in this chapter.  

3.1 CYCLIC POLARIZATION SCAN 
Cyclic potentiodynamic polarization scans were performed according to the test 

procedure in section 2.1. The Open Circuit Potential (OCP) from the test start and the 

measured pH before and after each test are given in Appendix B.  

Based on the results of the cyclic polarization scans Pitting potential EP, Repassivation 

potential ERP and the passive current density were determined as described in section 

1.3. The critical potentials are given in Table 6 to 9. They form the basis for the critical 

temperatures given in section 3.2.  

Table 6 Critical values for Solution Anealed, polished samples 

 Temperature 
(°C) 

EP  
(V vs. SCE) 

ERP  
(V vs. SCE) 

ipass  
(µA/cm2) 

Test 1 20 0.965 1.0395 1.52 

Test 2 30 0.957 0.971 1.43 

Test 3 40 0.905 1.008 1.345 

Test 4 50 0.995 0.8475 1.78 

Test 5 60 0.967 0.333 1.53 

Test 6 70 0.845 0.063 1.92 

Test 7 80 0.533 -0.0484 5.835 

Test 8 90 0.2075 -0.0125 0.75 
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Table 7 Critical values for Solution Anealed, pickled samples 

 Temperature 
(°C) 

Ep  
(V vs. SCE) 

ERP  
(V vs. SCE) 

ipass  
(µA/cm2) 

Test 9 20 0.947 1.003 2 

Test 10 30 0.9115 0.977 1.515 

Test 11 40 0.8705 1.0015 1.85 

Test 12 50 0.89 0.94 2.085 

Test 13 60 0.801 0.197 1.92 

Test 14 70 0.845 0.037 2.025 

Test 15 80 0.547 -0.00465 1.783 

Test 16 90 0.5205 -0.0308 1.38 

 

Table 8 Critical values for 5% Sigma phase, polished samples 

 Temperature 
(°C) 

EP  
(V vs. SCE) 

ERP  
(V vs. SCE) 

ipass  
(µA/cm2) 

Test 17 20 0.873 0.928 0.90 

Test 18 30 0.875 0.91 0.89 

Test 19 40 0.834 0.189 0.51 

Test 20 50 0.033 0.042 N/A 

Test 21 60 0.0575 -0.028 N/A 

Test 22 70 -0.01265 -0.0775 N/A 

Test 23 80 -0.017 -0.077 N/A 

Test 24 90 -0.072 -0.078 N/A 

 

Table 9 Critical values for 5% Sigma phase, pickled samples 

 Temperature 
(°C) 

EP  
(V vs. SCE) 

ERP  
(V vs. SCE) 

ipass  
(µA/cm2) 

Test 25 20 0.8235 0.927 1.44 

Test 26 30 0.6135 0.838 0.71 

Test 27 40 0.835 0.85 1.43 

Test 28 50 0.2875 0.085 0.76 

Test 29 60 0.2135 -0.03 0.4 

Test 30 70 0.0755 -0.07015 0.4 

Test 31 80 0.174 -0.086 N/A 

Test 32  90 0.0282 -0.1005 0.5 
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Some examples of the polarization curves are shown in Figure 15 and 16. The rest are 

found in Appendix A. The plots show that for the solution annealed sample with a 

pickled surface at 50°C, the EP and ERP are close as there are no significant hysteresis 

between the pitting and the repassivation potentials. This is typical for a material in a 

passive state and that the formation of oxides is rapid under these conditions.   

 

Figure 15 Cylcic polarization scan, Solution Annealed, pickled samples at 50°C 

For the equivalent samples run at 80°C there is a large difference between the pitting 

potentials and the repassivation. This indicates that the sample is corroding and the 

oxide layer is not stable. It takes a very low potential to repassivate the surface.   
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Figure 16 Cylcic polarization scan, Solution Annealed, pickled samples at 80°C 
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3.2 CRITICAL POTENTIALS AND TEMPERATURES 
The critical potentials for the different types of conditions are shown in the plots below. 

The red circles represent each of the two parallel samples run for each condition. The 

black circle is the average values.  

The Critical Pitting Temperature (CPT) is given where the critical potentials show a 

sudden drop in Pitting Potential (EP). The Critical Crevice Temperature (CCT) is given at 

the drop in Repassivation Potential (ERP). The temperature interval for the tests was 

10°C. Hence the accuracy of the CPT and CCT are within the range of ± 9°C.  

The critical potentials given in table 6 are plotted in Figure 17 and Figure 18. The 

solution annealed samples with the as delivered microstructure show a CPT of 65-75°C 

and a CCT of 55°C as shown in Figure 17 and 18. The plot in Figure 17 EP vs. Temperature 

for solution annealed samples with polished surface. Figure 17 shows that the material 

is resistant against pitting corrosion up to 60°C. Then the pitting potential decreases 

with increased temperature.  

  

Figure 17 EP vs. Temperature for solution annealed samples with polished surface. 
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The repassivation potentials are used to determine the CCT. The results show an even 

sharper drop than for the pitting potentials and the CCT is estimated to 55°C for the 

solution annealed, polished condition.  

 

Figure 18 ERP  vs. Temperature for solution annealed samples with polished surface 
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The samples with a pickled surface and the same microstructure from Table 7 show a 

slightly higher pitting potential at high temperatures as shown in Figure 19 and 20. 

However the CPT and CCT are 75°C and 55°C respectively as for the polished surface. 

Pickled surfaces seem to give more repeatable results for the pitting potentials than the 

non-pickled samples. 

  

Figure 19 EP vs. Temperature for solution annealed samples with pickled surface. 
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Figure 20 ERP vs. Temperature for solution annealed samples with pickled surface.  
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The critical temperatures from Table 8 are plotted in Figure 21 and 22. For the heat 

treated samples with ~5% Sigma phase the critical temperatures are in the range of 35-

45°C as shown in Figure 15-18. There are no major differences in the results for the 

polished or pickled surfaces. 

 

Figure 21 EP vs. Temperature for 5% Sigma Phase with polished surface 

 

Figure 22 ERP vs. Temperature for 5% Sigma Phase with polished surface 
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The results from the pickled samples in Table 9 are plotted in Figure 23 and Figure 24. 

They show a clear drop in potentials at approximately 45°C for both EP and ERP. 

 

Figure 23 EP vs. Temperature for 5% Sigma Phase with pickled surface 

 

Figure 24 ERP vs. Temperature for 5% Sigma Phase with pickled surface 
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A summary of critical temperatures found in this master thesis are given in Table 10 

Table 10 CPT and CCT for the different conditions tested 

MICROSTRUCTURE SURFACE TREATMENT CPT CCT 

Solution Annealed Polished 65-75°C 55°C 
Solution Annealed Pickled 75°C 55°C 

5% Sigma Phase Polished 45°C 35°C 
5% Sigma Phase Pickled 45°C 45°C 
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3.3 EVALUATION OF SURFACE AFTER TESTING 
The surfaces were studied and evaluated after the testing to confirm the presence and 

extent of pits on the corroded surfaces. Samples were studied in a confocal microscope. 

These results are shown in Figure 25 to 28. The pictures are taken with a magnification 

of 2,5x. To reveal pits, the oxides were removed by polishing the sample with 3µm 

diamond suspension. This was done to make sure that the dark spots were pits and not 

just surface contamination. For the solution annealed samples small scattered pits were 

found at 50°C. The oxide layer was discoloured.  

 

Figure 25 Test 12: Solution Anealed, pickled surface, 50°C, magnification 2,5x,  
Top: Surface with oxides, Bottom: Diamond polished surface. 
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At 60°C larger and deeper pits were detected. The oxide layer had also changed its 

colour.  

 

Figure 26 Test 13: Solution Anealed, pickled surface, 60°C, magnification 2,5x,  
Top: Surface with oxides, Bottom: Diamond polished surface. 

 

The samples containing sigma phase precipitates the critical temperature limits are 

lower. Some of the samples showed no passive behaviour either and the corrosion had 

a more uniform dominance and not so clear pitting corrosion behaviour. The pitting 

corrosion attacks seem to have been concentrated more on the edges of the samples 
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rather than on the polished surface. Figure 27 and 28 show the microstructure images 

of 2 samples with 5% sigma phase after testing. The pits are smaller than and not as 

distinct as for the solution annealed samples. They seem to be less deep, but the true 

depth and size was not measured. 

 

Figure 27 Test 27: 5% sigma phase, pickled surface, 40°C, magnification 2,5x 
Top: with oxides, Bottom: Diamond polished surface. 
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Figure 28 Test 28: 5% sigma phase, pickled surface, 50°C, magnification 2,5x  
Top: with oxides, Bottom: Diamond polished surface. 
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4 DISCUSSION 

Most of the results found in this project are according to what was expected based on 

previous research with some deviations. In this chapter the most interesting results 

from this project are discussed.  

4.1 CORROSION POTENTIALS 
From the plots from the cyclic polarization scans found in Appendix A it is shown that 

the test gives reproducible results as there are no large deviations between the two 

samples run in parallel. The deviations are smaller for the pickled samples than the 

grinded samples. This is probably due to a cleaner and more homogenous surface for 

the pickled samples.  

The corrosion potentials for Super Duplex Stainless Steel are strongly dependent on 

temperature. Both the pitting and repassivation potentials show a significant change 

between 50 and 60°C for the solution annealed samples. The tests performed in this 

master thesis show a difference between the pitting potential and the repassivation 

potential (EP – ERP) changes from ≈150mV to ≈600mV over the 10° temperature 

difference. This indicates that the immunity of the material to localized corrosion is 

reduced.  

The current densities show that the solution annealed samples show a clearly passive 

behaviour and the passive current density is in the range of 1,5-2 µA/cm2. For the heat 

treated samples containing sigma precipitates this value is lower  (range of 0,5-

0,7µA/cm2) and for many of the samples there is no clear passive current density since 

the sample is in an active state where the corrosion attacks are more general than 

localized. 

4.2 CRITICAL CORROSION TEMPERATURES 
Defining a critical pitting or crevice corrosion temperature for a material is not easy. 

Many scientists have tried and they all show different results. It’s clear that the 

electrolyte and test method will influence the results. From the literature that was 

studied in this master thesis CPT values for Super Duplex SS vary from 65 to 95°C. The 

results from the experiments done in this thesis show that the CPT for as delivered 

Super Duplex SS in 3,5% NaCl solution is close to 70±5°C.  

If the microstructure is destroyed by poor heat treatment, welding or other treatments 

causing precipitation of sigma phase, the resistance against corrosion is drastically 

reduced. The CPT for Super Duplex SS with 5% sigma phase is found to be between 40 
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and 50°C. The presence of sigma phase should therefore be discovered in a corrosion 

test like the commonly used ASTM G84 test. It also documents that the use of PRE 

number in itself is not enough to evaluate the resistance against localized corrosion. All 

samples used in this project had the same chemical composition and with that the same 

PREN, but not the same pitting resistance. 

Some of the same trends are found for crevice corrosion; however the drop in critical 

temperature CCT is not as large as for pitting corrosion. The CCT for as delivered, 

solution annealed material is found to be 55°C as for material with precipitates the CCT 

is closer to 40±5°C. The available literature gives values for CCT of 35-60°C but for 

crevice corrosion, the test method and sample preparation will make a large impact. 

This makes it difficult to compare the values.  

In this project two types of surface treatment were evaluated. The results show no 

greater effect of the pickling except slightly more reproducible results. Some of the 

noise was also eliminated. This is most likely due to a cleaner surface and less 

contamination on the surface. Some of the oxide residuals on the sample edges were 

also removed by the pickling process.  

4.3 SOURCES OF ERROR 
The potentiostat was very sensitive to noise especially at low current densities. The 

producers of the potentiostat Gamry were contacted and some adjustments were made, 

but the noise had to be removed after testing.  

The cells contained approximately 5 litres of electrolyte. It took a long time to heat the 

electrolyte to the correct temperature. Some variation in temperature at the top and 

bottom of the cell was inevitable. A smaller cell is recommended for similar experiments.  

The pH meter was broken for some time before it was discovered. Some of the pH 

values may be wrong. However the values seemed to be in the range of pH 6 to 8 with 

little change before and after the tests.  

The pickling process did not seem to remove all oxides on the sides of the samples. The 

front and back of the samples were polished, but some residual oxides were observed 

even after pickling. Square samples would be recommended to make polishing or 

polishing of the sides would be easier that on a round sample. Some samples showed 

large pits on the edges and a lot less attack on the polished surfaces. This may have 

affected the results.   
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The microscopy images are taken with a certain magnification, however when this 

master thesis is printed, the document is scaled to fit the right format. This 

magnification will therefore not be correct, but it will be ok for comparing the different 

images at the same magnification.  

4.4 FURTHER WORK 
To find out more about Super Duplex SS in chloride environments more tests could be 

done. It could be interesting to focus on the temperatures around the critical 

temperatures (30-70°C) and to test specimen with different volume fractions of sigma 

phase, e.g. 1% sigma phase. To test samples with different amount of precipitates would 

give valuable information about how much sigma phase can be detected by corrosion 

testing and how the amount of precipitates will affect the corrosion properties of the 

material.  
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5 CONCLUSION 

A study of available literature and a series of tests have been performed to investigate 

how the presence of secondary phases and different surface finish affect the corrosion 

properties of Super Duplex Stainless Steel in a chloride environment.  

The experiments show that Super Duplex Stainless Steel has a Critical Pitting 

Temperature between 65°C and 75°C. If sigma phase precipitates are present the Critical 

Pitting Temperature is lowered to 55°C. 

The critical crevice corrosion temperature changes from 55°C for a solution annealed 

material to approximately 40°C for material with sigma phase precipitation.   

Pickled surfaces give more repeatable results and less noise on the results indicating 

that a cleaner surface is preferred.   

Pitting corrosion tests according to the executed procedure can be used to detect 

material with poor heat treatment and precipitation of sigma phase.  
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APPENDIX A POTENTIODYNAMIC TEST RESULTS 

  



 

 

Results for Solution Annealed, polished samples: 

Table 11 Critical values for Solution Anealed, polished samples 

 TEMPERATURE 
(°C) 

EP  
(V VS. SCE) 

ERP  
(V VS. SCE) 

IPASS  
(µA/CM2) 

TEST 1 20 0.965 1.0395 1.52 
TEST 2 30 0.957 0.971 1.43 
TEST 3 40 0.905 1.008 1.345 
TEST 4 50 0.995 0.8475 1.78 
TEST 5 60 0.967 0.333 1.53 
TEST 6 70 0.845 0.063 1.92 
TEST 7 80 0.533 -0.0484 5.835 
TEST 8 90 0.2075 -0.0125 0.75 
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Plot TEST 2 



 

 

 

Plot TEST 3 
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Plot TEST 7 

 

Plot TEST 8 

  



 

 

Results for Solution Annealed, Pickled Samples: 

Table 12 Critical values for Solution Anealed, pickled samples 

 TEMPERATURE 
(°C) 

EP  
(V VS. SCE) 

ERP  
(V VS. SCE) 

IPASS  
(µA/CM2) 

TEST 9 20 0.947 1.003 2 
TEST 10 30 0.9115 0.977 1.515 
TEST 11 40 0.8705 1.0015 1.85 
TEST 12 50 0.89 0.94 2.085 
TEST 13 60 0.801 0.197 1.92 
TEST 14 70 0.845 0.037 2.025 
TEST 15 80 0.547 -0.00465 1.783 
TEST 16 90 0.5205 -0.0308 1.38 

 



 

 

 

Plot TEST 9 
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Plot TEST 11 
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Plot TEST 13 
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Plot TEST 15 

 

Plot TEST 16 

  



 

 

Results for Polished Samples with 5% Sigma Phase: 

Table 13 Critical values for 5% Sigma phase, polished samples 

 TEMPERATURE 
(°C) 

EP  
(V VS. SCE) 

ERP  
(V VS. SCE) 

IPASS  
(µA/CM2) 

TEST 17 20 0.873 0.928 0.90 
TEST 18 30 0.875 0.91 0.89 
TEST 19 40 0.834 0.189 0.51 
TEST 20 50 0.033 0.042 N/A 
TEST 21 60 0.0575 -0.028 N/A 
TEST 22 70 -0.01265 -0.0775 N/A 
TEST 23 80 -0.017 -0.077 N/A 
TEST 24 90 -0.072 -0.078 N/A 
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Plot TEST 21 
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Plot TEST 23 
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Results for Pickled Samples with 5% Sigma Phase: 

Table 14 Critical values for 5% Sigma phase, pickled samples 

 TEMPERATURE 
(°C) 

EP  
(V VS. SCE) 

ERP  
(V VS. SCE) 

IPASS  
(µA/CM2) 

TEST 25 20 0.8235 0.927 1.44 
TEST 26 30 0.6135 0.838 0.71 
TEST 27 40 0.835 0.85 1.43 
TEST 28 50 0.2875 0.085 0.76 
TEST 29 60 0.2135 -0.03 0.4 
TEST 30 70 0.0755 -0.07015 0.4 
TEST 31 80 0.174 -0.086 N/A 
TEST 32  90 0.0282 -0.1005 0.5 



 

 

 

Plot TEST 25 

 

Plot TEST 26 
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Plot TEST 29 
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APPENDIX B OPEN CIRCUIT POTENTIALS AND MEASURED PH  

  

  



 

 

Measured OCP and pH before and after testing 

 FIRST SAMPLE SECOND SAMPLE 

TEST OCP pH before pH after OCP pH before pH after 

1 -183 6,8 6,8 -105 6,8 6,8 
2 -89 6,7 6,7 -223 6,9 - 
3 -175 7,1 7,3 -11 7,1 7,2 
4 -174 7,1 7,6 -63 7,2 7,3 
5 -274 6,9 7,1 17 7,1 7,1 
6 -323 7,9 8,3 -187 6,7 6,9 
7 -526 6,8 8,9 -319 6,7 8,7 
8 -208 6,9 8,3 -199 7,2 7,8 
9 -206 6,8* 6,9* -214 6,8* 6,9* 

10 -262 6,8* 6,8* -196 6,8* 6,8* 
11 -221 6,8* 6,8* -156 6,8* 6,8* 
12 -387 7,5 8,4 7,6 7,5 7,2 
13 -156 6,8* 6,8* -209 6,8* 6,8* 
14 -351 8,5 - -157 8,4 8,3 
15 -239 6,8* 6,8* -263 6,8* 6,8* 
16 -249 7,5 8,3 -323 7,5 8,4 
17 -259 7,6 8,3 -194 7,7 8,2 
18 -407 7,0 7,5 -324 7,0 7,4 
19 -125 7,4 7,4 -198 7,4 7,6 
20 -547 7,6 8,6 -337 8,3 8,5 
21 -339 8,3 8,3 -243 8,2 8,2 
22 -504 7,6 8,6 -136 7,7 8,8 
23 -355 7,4 8,2 -242 7,4 8,3 
24 -617 8,3 8,3 -505 8,3 8,6 
25 -111 7,8 7,4 -551 7,8 7,6 
26 43 7,6 7,8 -39 7,8 7,8 
27 -166 6,8* 6,8* -183 6,8* 6,8* 
28 -115 7,2 9,1 -83 8,4 9,3 
29 -138 7,4 9,0 -74 7,6 8,8 
30 -348 8,7 8,4 -84 7,9 8,7 
31 -32 7,1 7,2 -82 7,6 8,4 
32 -326 7,4 8,3 -82 7,4 8,3 

* pH-meter was broken. Reading is not valid. 

  



 

 

APPENDIX C PICTURES OF SAMPLES 
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