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Abstract 

The excellent corrosion resistance of stainless steels arises from the presence 

of a passive film on its surface. Above 10.5 wt.% Cr a chromium oxide of  

1-3 nm is formed on the surface of the metal that in case of damage will 

reform and hinder further dissolution of the metal. However, the passivity of 

the stainless steel can be altered by material factors and external factors; such 

as the composition of the underlying phases, external loads or thermal 

treatments.  

In this work the local electrochemical techniques Scanning Vibrating 

Electrode Technique (SVET) and Scanning Kelvin Probe Force Microscopy 

(SKPFM) and the local characterization techniques X-ray Photoelectron 

Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) have been used 

to investigate corrosion phenomena of stainless alloys based on 

measurements of corrosion current density, work function, thickness and 

composition of the oxide.  

The effect on work function of the thickness of the passive film and 

composition of the underlying phases was investigated for 301LN austenitic 

stainless steel (Paper I) and a heat treated superduplex 25Cr7Ni type stainless 

steel (Paper II). It was shown that the work function can be an indicator of 

corrosion resistance of the phases in the microstructure, and that the 

composition of the underlying phases had a greater effect on the work 

function than the thickness of the passive film.  

External factors such mechanical deformation (Paper I) and welding (Paper 

III) altered the passivity of the steel and work function. It was found that 

plastic deformation decreased irreversibly the work function, whereas elastic 

deformation did not have any permanent effect. Thermal oxides affected the 

passivity of stainless steels welded joints and were detrimental for its 

corrosion resistance. Anodic activity, observed with SVET, and pitting 

corrosion were detected at the heat tint and attributed to the interaction 

between the composition and the thickness of the oxide. Brushing combined 

with pickling was recommended for recovering the passivity of stainless 

steels.  

 

Keywords: Stainless steel, passive film, thermal oxides, work function, 

pickling, SKPFM, SVET, XPS, AES.  
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Sammanfattning på svenska 

Den utmärkta korrosionsbeständigheten hos rostfria stål uppstår från 

närvaron av ett passivt skikt på ytan. När Cr halten i bulkmetallen är högre än 

10,5 vikts% Cr bildas en kromoxid på ytan som i händelse av en skada 

kommer att ombildas och skydda stålet från fortsatt upplösning. Passiviteten 

hos ett rostfritt stål kan dock påverkas av materialparametrar och yttre 

faktorer; såsom sammansättningen av underliggande faser, yttre belastningar 

eller termiska behandlingar. 

I detta arbete har de lokala elektrokemiska teknikerna Scanning Vibrating 

Electrode Technique (SVET) och Scanning Kelvin Probe Force Microscopy 

(SKP/SKPFM) och de lokala karakteriseringsteknikerna X-ray Photoelectron 

Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) använts för att 

undersöka korrosionsfenomen hos rostfria legeringar baserade på mätningar 

av korrosionsströmtäthet, elektrokemisk potential, tjocklek och 

sammansättning av oxiden. 

Effekten på elektrokemisk potential beroende av tjockleken av oxiden och 

sammansättningen av underliggande faser undersöktes för 301LN 

austenitiskt rostfritt stål (Paper I) och en värmebehandlad superduplext  

25Cr 7Ni stål (Paper II). Det visades att elektrokemisk potential kan vara en 

indikator på korrosionsbeständigheten av faserna i mikrostrukturen, och att 

sammansättningen hos de underliggande faserna har en större effekt på den 

elektrokemiska potentialen än tjockleken på oxiden. 

Yttre faktorer som mekanisk deformation (Paper I) och svetsning (Paper III) 

påverkar passiviten hos stålet och den elektrokemiska potentialen. Det 

konstaterades att plastisk deformation irreversibelt minskade den 

elektrokemiska potentialen, medan elastisk deformation inte hade någon 

permanent effekt. Termiska oxider påverkade passiviteten och minskade 

korrosionsbeständigheten i svetsarna i rostfritt stål. Anodisk aktivitet som 

observeras med SVET och punktfrätning detekterades vid områden med 

termiska oxider och kan härledas till interaktionen mellan 

sammansättningen och tjockleken av oxiden. Borstning kombinerad med 

betning rekommenderas för återställning av passiviteten hos rostfria stål. 

 

Nyckelord: Rostfritt stål, passiv film, termiska oxider, elektrokemisk 

potential, betning, SKPFM, SVET, XPS, AES.  
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Preface 

This thesis is based on three papers and describes the use of local 

electrochemical techniques for corrosion studies of stainless steels. The 

content of each paper is given in the schematic illustration in Figure 1. 

Paper I  

N. Fuertes Casals, A. Nazarov, F. Vucko, R. Pettersson, D. Thierry  

“Influence of mechanical stress on the potential distribution on a 301 LN 

stainless steel surface” 

J. Electrochem. Soc. 2015, 162, C465–C472.  

Paper II  

N. Fuertes, R. Pettersson 

“Review-Passive film and electrochemical response of different phases in a 

Cu-alloyed stainless steel after long term heat treatment” 

J. Electrochem. Soc. 2016, 163 (7), C377-C385.  

Paper III 

N. Fuertes, V. Bengtsson, R. Pettersson, M. Rohwerder 

“Use of SVET to evaluate corrosion resistance of heat tints on stainless steel 

welded joints and effect of different post-weld cleaning treatments” 

Submitted to Materials and Corrosion on 28th April 2016. 

 

Figure 1 Overview of the papers included in the thesis.   
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Chapter 1 

Introduction 

The passive film is the key factor ensuring the outstanding corrosion 

resistance of stainless steels 1. Numerous works have been done to 

characterise the corrosion resistance of stainless steels based on the stability 

of this film. Often, conventional electrochemical techniques are used such as 

potentiostatic/galvanostatic testing, polarisation curves, critical pitting 

temperature testing (CPT), electrochemical impedance spectroscopy (EIS), 

etc 2,3. The outcome of these investigations, which can be in the form of 

pitting temperature, repassivation potential, corrosion rate, etc., reflects the 

corrosion processes occurring over the entire metal surface exposed in the 

electrolyte. However, often, corrosion in stainless steels occurs on a local 

scale due to specific features of the microstructure of the steel or passive film 

defects which will act as anodic/cathodic sites in the corrosion process.  

The use of local electrochemical techniques can increase the understanding of 

the corrosion phenomena on stainless steels, by investigating the link 

between microstructure features, passive film properties and corrosion 

processes.  

1.1 Aim of this work 

The aim of this work is to use local electrochemical techniques to investigate 

the changes on the passive film and the electrochemical response of stainless 

steels due to material factors, such as microstructure and composition, and 

due to external factors, such as mechanical loads and thermal treatments.  

Scanning Kelvin Probe Force Microscopy (SKP/SKPFM), Scanning Vibrating 

Electrode Technique (SVET), Auger Electron Spectroscopy (AES) and X-ray 

Photoelectron Spectroscopy (XPS) will be used to characterize the passive 

film and electrochemical response of stainless steel properties based on 

thickness, composition, work function, and local electrochemical activity.   
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Chapter 2 

Stainless steel  

Stainless steels were developed over a century ago and since then they have 

been used in a wide range of applications including surgical instruments, 

cookware, industrial equipment and major infrastructure and aerospace 

structures 1,4. This is due to their good mechanical properties, exceptional 

corrosion resistance and low maintenance. These properties vary depending 

on the type of stainless steels and alloying elements and are affected by 

temperature changes in manufacturing processes, including welding. In this 

section, the role of alloying elements, differences between stainless steels 

types and effect of welding are discussed.  

2.1 Role of alloying elements  

Apart from iron, the main alloying elements in stainless steels are chromium, 

nickel, molybdenum, nitrogen, manganese and silicon 4,5.  

Chromium is the most important component of stainless steels from a 

corrosion viewpoint. Above 10.5 wt.% chromium forms an oxide film on the 

surface of the steel that will protect it from inward oxygen diffusion and 

further corrosion 3,6,7. This oxide has a thickness of 1-3 nm and if damaged a 

new oxide film will instantaneously be formed if the environment is oxidizing 
4,8–11. Apart from enhancing resistance to local and uniform corrosion 

resistance, chromium is also a ferrite stabilizer 12. The disadvantages of 

chromium are that at high levels, it decreases the formability of the alloy and 

promotes precipitation of intermetallic phases such as sigma phase, chi phase 

and nitrides, which are detrimental for corrosion resistance and mechanical 

properties of stainless steels 13.  

Another ferrite stabiliser is molybdenum which also improves local and 

uniform corrosion in particular in acidic chloride-containing environments 
13–15. It may also be utilised in austenitic stainless steel operating at high 
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temperatures 16. It is usually added at levels below 6% as it can also lead to 

formation of intermetallic phases such as sigma and chi phase.  

Nickel is a strong austenite stabiliser and thus utilised up to levels of around 

25 wt.% in austenitic grades but largely absent in in ferritic grades 17. It plays 

an important role in maintaining the phase balance in duplex stainless steels 

and for this reason is increased in filler materials for welding of duplex 

stainless steels, as in Paper III for the GTAW welded joint 2507 with filler 

material 2509 17–19. Nickel slightly increases pitting resistance but improves 

mechanical properties such as impact toughness 20. For cost reasons there is 

interest to substitute nickel for other elements such as Mn, nitrogen or Cu, as 

discussed in Paper II.  

Nitrogen is also a strong austenite stabiliser used in austenitic and duplex 

stainless steels, including filler materials 17,21. Due to its fast diffusion it 

enhances austenite reformation after welding 19. It also increases strength 

and improves local corrosion both pitting and crevice resistance 22,23. 

However, at elevated temperatures it can lead to the formation of chromium 

nitrides which are detrimental for corrosion and mechanical properties of the 

steel 24–26.  

Manganese is used to increase the solubility of nitrogen in austenite 8 and 

thus promote an austenitic structure. It is also used to form manganese 

sulphides to improve machinability, but these inclusions are also recognised 

to decrease local corrosion resistance 17,27.  

Other elements used to improve properties of stainless steel are tungsten, 

titanium and carbon 17. However they can increase the formation of 

detrimental secondary phases, and decrease of toughness 13,28.  

Copper, like nickel and nitrogen, is an austenitic stabilizer 29,30. Its effect on 

corrosion and microstructure properties of duplex stainless steels is discussed 

extensively in Paper II. It is considered to decrease the martensite start 

temperature 30–32 and precipitation of sigma phase 33 but slightly promote 

nitride formation as shown in Paper II. At high concentrations copper forms 

epsilon-Cu (ε) phase in the ferritic phase 33–35, which should not be confused 

with epsilon nitrides, denoted Cr-nitrides in this work. Epsilon-Cu phase has 

a detrimental effect on local corrosion resistance of stainless steels in 

chloride-containing environments as pits may nucleate in the ferrite phase 

where epsilon-Cu phase is found 34. A positive effect of copper on corrosion 

resistance of stainless steels is observed in reducing acids 29,36–39, such as 

sulphuric or hydrofluoric acids, attributed to an enrichment in metallic Cu on 

the steel surface 37,39.  
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2.2 Stainless steel grades  

Variations in the alloying elements in stainless steels and heat treatments will 

lead to different microstructures. Depending on their crystal structure 

stainless steels can be divided in four groups; austenitic, ferritic, martensitic 

and duplex 4,18.  

Austenitic stainless steels are the most common type of stainless steel. They 

have a face-centred cubic crystal structure and are usually alloyed with nickel 

to promote the austenitic structure. The most common austenitic grades are 

304, containing 18 wt.% chromium and 8 wt.% nickel, and 316 (investigated 

in Paper III) with the same chromium content as 304 but also 10 wt.% Ni and 

24 wt.% Mo. Low carbon versions of austenitic grades are denoted with an L 

and are less sensitive to precipitation of chromium carbides at high 

temperatures, an example is the austenitic stainless steel 301LN studied in 

Paper I.  

Ferritic stainless steels typically have a higher strength than the standard 

austenitic grades but lower corrosion resistance. They have a body-centred 

crystal structure and are ferromagnetic. 

Martensitic steels with more carbon (about 0.1-1 wt.%) than austenitic and 

ferritic stainless steels exhibit a higher strength and good machinability 

properties. However they are less corrosion resistant compared to austenitic 

and ferritic stainless steels. They have a body-centred crystal structure and 

are ferromagnetic. 

Duplex stainless steels consist of austenite and ferrite with a phase ratio 

between 50/50 and 40/60. They have an advantageous combination of 

properties which derives from the two phase structure. They are 

characterised by higher chromium contents and lower nickel contents 

compared with the standard austenitic grades, nitrogen alloying to promote 

austenite reformation and molybdenum in the higher performance grades. 

Depending on their alloying content they are classified into four groups: lean 

duplex, standard duplex, super duplex and hyper duplex. The grade 2507 is 

the most common super duplex stainless steel and has been investigated in 

Paper II and III in this work. 

Duplex stainless steels are not normally used for high temperature 

applications due to the risk of precipitation of detrimental phases. During the 

solidification process ferrite is formed first and is subsequently partially 

transformed to austenite. During the cooling process other phases may also 

form at specific temperatures. Intermetallic phases such as sigma phase and 

chi phase precipitate at temperatures between 550-1000 °C and are known to 



6 

decrease the corrosion resistance of stainless steels as well as making them 

more brittle. Chromium nitrides also decrease the corrosion resistance of 

stainless steels and can form in the ferritic phase when the cooling process is 

too fast and nitrogen is trapped in this phase without having time to diffuse 

to the austenitic phase. In Paper II the influence of those detrimental phases 

on corrosion resistance of duplex stainless steels and its relation with Cu 

content is presented.  

2.3 Welding of stainless steel  

Welding is often used when metal pieces need to be joined together for 

building large structures, tanks or pipes. The component parts are locally 

heated creating a melted weld pool which after cooling will solidify and join 

the pieces together.  

Heating may be done using an electrical arc, laser beam, current passing 

through the pieces to be welded or even friction. In the techniques using arc 

welding, current is passed between the specimen and the welding pistol 

creating a plasma arc that will melt the specimen. Shielding gas or flux is 

used to reduce oxidation of the weld joint during the process 18.  

There is a wide range of welding techniques available for stainless steels 
18,40,41. In gas metal arc welding (GMAW) the electrode consists of a solid wire 

of filler material that is continuously passed through the welding pistol and 

when reaching the plasma arc is melted and deposited on the weld. A similar 

technique is flux cored arc welding (FCAW) in which the filler material is 

added as a rod filled with flux.  

For gas tungsten arc welding (GTAW or TIG) a tungsten non-consumable 

electrode is used. It can be used for autogenous welding (without filler) or 

with separate addition of filler material from the side. GTAW is the welding 

technique used in the investigation done in Paper III on 316 and 2507 welded 

joints.  

In all welding techniques it is important to use appropriate welding 

parameters to keep the right phase balance and avoid the precipitation of 

detrimental phases. Post-weld treatments are important to restore corrosion 

resistance by removing thermal oxides or "heat tint", which is discussed in 

detail in Paper III and further in this section of the thesis.  
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2.3.1 Thermal oxides 

The formation of thermal oxides occurs when the stainless steel is subjected 

to high temperatures, such as during welding or heat treatment 21,24,42–56. 

They are also called heat tints or weld oxides, and differ from the passive 

chromium oxide film on stainless steels in that they are thicker and not 

protective. The link between thermal oxides properties, such as thickness and 

composition, and corrosion resistance of welded joints has been discussed in 

the literature and is investigated in Paper III. The thickness and composition 

of the thermal oxides will vary depending on welding parameters such as 

shielding gas composition, filler material, heat input 46,56. Weld oxides are 

mainly chromium oxide with some mixed oxides of iron and manganese 42–

44,46,50,51,54,55.  

2.3.2 Post-weld cleaning strategies 

Common post-weld treatments include both mechanical and chemical 

processes 2,18. Brushing and polishing are common mechanical methods, 

which have a lower oxide removal efficiency and lead to rougher surfaces but 

minor impact on environment compared to chemical processes.  

Chemical processes include pickling with pickling paste or by immersion in a 

pickling bath. In both cases a mixture of acids is used, usually nitric acid 

(HNO3) and hydrofluoric acid (HF). They are very efficient for removal of the 

oxide as the acid will selectively attack the least corrosion resistant zone 18,21. 

The drawback of pickling is that the acids used may give rise to 

environmental and health concerns. 
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Chapter 3 

Corrosion in stainless steels 

3.1 Corrosion types  

In very aggressive or acidic environments, stainless steels may be unable to 

maintain the passive film and therefore suffer uniform corrosion in which the 

metal thickness is gradually reduced. In milder environments, particularly 

those containing halides, stainless steels can suffer from localised corrosion, 

most commonly pitting and crevice corrosion. 

3.1.1 Pitting corrosion  

Pitting is a local type of corrosion which often occurs in a chloride-containing 

electrolyte 3,6,7. It is visible in the form of little holes in the affected material. 

The small size of these pits makes its detection difficult, and thus, if not 

detected in time, unexpected failures can occur.  

The mechanism of pitting initiation and propagation is still the subject of 

discussion 57–59. It is considered that pit nucleation occurs due to a 

breakdown or local thinning of the passive film enhanced by the presence of 

halides. However, it can also occur in halide free environments 58.  

It is proposed that chloride ions react with chromium present in the steel 

forming a soluble chromium chloride (CrCl2
+) according to eq.1.  

Cr (steel) + 2 Cl
- 
→ CrCl2

+ 
+ 3 e

-
   (1) 

Hence, the content of chromium in the passive film decreases leaving a less 

protective oxide. 

Hydrolysis of Cr will also occur (eq.2-3), promoting H+ formation in the 

electrolyte, and thus decreasing the pH. The development of an acidic 

environment in the pit will prevent the steel surface from repassivating, 

leading to a stable propagation of the pit 60,61.  
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Hydrolysis reaction:  

Cr (steel) → Cr
3+

+ 3 e
-   

(2) 

Cr
3+

+ 3 H2O → Cr3 (OH)3 (aq.) + 3 H
+  

(3) 

During pitting the anodic reaction is the dissolution of the metal to ions, 

which can further react to create various types of corrosion products (eq.4). 

The anodic reaction is driven by an oxidizing agent, which can be oxygen 

(eq.5 and eq.6) or iron (III) ions. FeCl3 is used in the ASTM G48 62 test 

method for critical pitting temperature (CPT) determination as presented in 

Paper III.  

Anodic reaction:  Me (s) → Me
n+

(aq.) + n e
-  

(4) 

Cathodic reactions:  

½ O2 + H2O + 2 e
-
 → 2 (OH)

-
 (for neutral or high pH)  (5) 

O2 + 4 H
+
 + 4 e

- 
→ 2 H2O (for low pH)  (6) 

Pitting is also investigated using the electrochemical ASTM G150 method in 

which the CPT is defined as the temperature at which pitting occurs when the 

steel is immersed in 1 M NaCl under an imposed potential of 700 mVSCE 63.  

3.1.2 Crevice corrosion  

Crevice corrosion occurs typically when the stainless steel is immersed in a 

halide-containing electrolyte and a crevice exists; such as a bolted connection 

or under surface deposits 3,6,7. The crevice will hinder the mass transport of 

ions between the outside and inside of the crevice which can lead to depletion 

of oxygen and decrease in pH inside the crevice 64. The dissolution of metal 

within the crevice will then be compensated by the transport of negative ions, 

chlorides, into the crevice that will lead to an even more aggressive electrolyte 

in the crevice.  

3.2 Passivity of stainless steels  

The passivity of stainless steels is based on the presence of a thin chromium 

oxide on the surface which decreases the electrochemical activity of the metal 

and protects it from corrosion attack. The thickness, composition and 

properties of the passive film may change depending on the alloy 

composition, microstructure, surface treatments and environmental and 

mechanical factors 8,9,65–67. 
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3.2.1 Effect of alloying elements  

The passive film on stainless steels has a thickness of 1-3 nm and mainly 

contains oxygen, chromium, nickel, molybdenum and iron 8,10,11.  

Chromium has been reported to be present in the passive film in two different 

layers; in an outer oxide layer as a chromium (III) oxy-hydroxide and in an 

inner layer as a chromium (III) oxide. Other elements present in the passive 

film are nickel, found in the inner layer of the passive film, and Mo (IV) oxy-

hydroxide found in the outer layer 8,44,68.  

The microstructure underlying the passive film can affect the properties of 

the film. In duplex stainless the composition of the inner layer of the passive 

film has been reported to vary depending on the underlying phase whereas 

the thickness is largely independent of the underlying phase, which is 

attributed to lateral transport in the oxide 69. The composition and thickness 

of the passive film on heat treated 2507 duplex stainless steel is discussed in 

detail in Paper II. 

3.2.2 Effect of mechanical factors  

Passive film properties can be modified by external mechanical factors as 

discussed in Paper I. The thickness of the passive film can decrease when the 

steel is under load, with a more pronounced effect for tensile stress than 

compressive stress 70,71.  

External loads can also modify the electrochemical properties of passive 

films; for example polarization resistance has been reported to decrease and 

conductivity and capacitance to increase when elastic or plastic load is 

applied to stainless steel 71–73. These variations have been attributed to the 

breakdown of the passive film and an increase of oxygen vacancies, which 

lead to higher amount of donors and acceptors 71,74–76.  

Apart from affecting the thickness and electrochemical properties of the 

passive film, mechanical loading of the steel will produce dislocations that 

can decrease the ability of the steel to repassivate, making the steel more 

vulnerable to corrode 77–80. In metastable austenitic stainless steels plastic 

deformation can also cause the transformation of austenite to martensite 75, 

which can rupture the passive film and decrease the corrosion resistance of 

the steel 79. 
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3.3 Thermal oxides and corrosion resistance 

The effect of thermal oxides on corrosion resistance of stainless steel weld 

joints has been investigated in the literature and in this work, as presented in 

Paper III. Some authors have considered the main factor causing the loss of 

corrosion resistance of the weld joints to be underlying chromium–depletion 

of the metal. Some papers report a chromium-depleted zone below the 

thermal oxide due to the high contents of chromium, as well as iron and 

manganese in the thermal oxide 46,50,56. Other works instead reported a lack of 

such a zone below the oxide which explained by alloying element evaporation 

and deposition processes during welding 21,24,51,55.  

The correlation between the colour of the heat tint and its corrosion 

resistance has been discussed extensively 24,50–52,56,81. Some authors report 

that the colour of the thermal oxide depends only on the thickness of the 

oxide and cannot be used as an indicator of the corrosion resistance or the 

oxide composition 51. However other works find that the rose and dark blue 

coloured oxide had lower corrosion resistance than the straw coloured 56.  

Regardless of the oxide colour, the corrosion processes on heats tints is 

reported to be pitting and oxide dissolution. Pitting initiation has been 

observed in areas of the oxide rich in iron and has been attributed to local 

breakdown of the oxide layer or trapping of chloride ions in the thick film 
51,54,82. Dissolution of the thermal tint in aggressive environments has been 

reported in other works and it has been discussed whether the process is 

chemical or electrochemical. In-situ studies done on sputtered chromium and 

iron oxides revealed that at anodic potentials the dissolution of oxides was 

partially chemical and electrochemical. Iron oxide dissolved chemically while 

chromium oxide dissolved electrochemically, whereby chromium (III) oxide 

oxidised to chromium (VI) oxide. At cathodic potential, iron and chromium 

oxides dissolved partially chemically and electrochemically 45,49. 

3.4 Local electrochemical techniques 

There are several conventional electrochemical techniques used for corrosion 

studies of stainless steels such as polarisation curves, potentiostatic testing, 

galvanostatic testing and electrochemical impedance spectroscopy (EIS). 

These are used, for example, for characterising corrosion rates of the steel 

and studying pitting/repassivation phenomena. They give information about 

the corrosion processes occurring over the entire exposed surface of the steel 

in the electrolyte. This may be in the form of an average potential or 

corrosion current, or as a temperature at which the passive film breaks down 
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and pitting occurs. However, in most of the cases of localised corrosion on 

stainless steel, specific features or defects in the microstructure or passive 

film have an important role in the process and form anodic or cathodic sites 

in the corrosion process. The study of the location of anodic and cathodic 

sites over the surface is crucial to understand the corrosion process in 

localised corrosion of stainless steels. Several scanning electrochemical 

techniques are used for this type of work, based on local electrochemical 

potential, current or impedance measurements.  

The most common techniques are local electrochemical impedance 

spectroscopy (LEIS), scanning Kelvin probe (SKP), scanning Kelvin probe 

force microscopy (SKPFM), scanning reference electrode technique (SRET), 

scanning vibrating electrode technique (SVET) and scanning electrochemical 

microscope (SECM). Those techniques differ in terms of lateral resolution, 

set-up and output obtained from the measurement.  

SVET, SKP and SKPFM have been used in all the Papers presented in this 

work and are described in detail in the Experimental work section of this 

thesis.   
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Chapter 4 

Experimental work 

4.1 Materials  

In this study duplex and austenitic stainless steels were investigated, Table 1. 

The austenitic stainless steel grades studied were 301LN and 316L.  

301LN (EN 1.4318, Coil 703953, thickness 3mm) was used for passive film 

and electrochemical potential investigations (Paper I).  

316L, thickness 5mm was studied after GTAW welding for thermal oxides 

investigations and after using different post-welding techniques (brushing, 

brushing plus polishing and brushing plus pickling with pickling paste) 

(Paper III).  

The duplex grade 2507 was investigated after GTAW welding (Paper III) and 

as heat treated laboratory heats with different copper content up to 4 wt.% 

(Paper II).  

The GTAW welded joints in 2507 were performed using 2509 as a filler 

material and argon as purging gas (8 l/min). Different shielding gases were 

used (Ar, Ar+2%N2, Ar+2%N2+30%He) and various post-weld cleaning 

techniques applied (brushing, brushing plus polishing and brushing plus 

pickling with pickling paste).  

In order to study the effect of copper on microstructure and corrosion 

properties of stainless steel, laboratory heats of a 25Cr7Ni type superduplex 

stainless steel with 0, 2 or 4 wt.% Cu were manufactured as 2 kg melts. The 

specimens were cast, hot and cold rolled, and annealed at 1100 °C for 15 min 

followed by water quenching. The specimens were encapsulated in a glass 

tube filled with argon and heat treated at 800 °C for 6 months and water 

quenched. This was to promote the formation of different phases which could 

be studied in terms of passive film properties and electrochemical response.  
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Chemical compositions of the steels and welding parameters used are given 

in Table 1 and Table 2 respectively.  

Table 1 Chemical composition of the alloys investigated [wt.%]. 

AISI  

No/ID 

Paper C Si Mn Cr Ni Mo N Others 

301LN I 0.029 0.43 1.27 17.60 6.55 0.17 0.14 - 

316L III 0.026 0.49 1.81 17.10 10.00 2.04 0.05 - 

2507 III 0.016 0.39 0.79 24.95 6.90 3.83 0.27 - 

2509 III 0.020 0.35 0.50 25.00 9.50 4.00 0.25 - 

0Cu II 0.018 0.25 0.79 25.00 6.91 3.74 0.30 Cu 0.27 

2Cu II 0.017 0.24 0.77 24.30 6.74 3.64 0.28 Cu 1.90 

4Cu II 0.019 0.25 0.74 24.50 6.86 3.73 0.25 Cu 3.82 

 

Table 2 Welding parameters used. 

Welded joint Shielding gas I (A) U (V) v (cm/min) 
Heat input 
(kJ/mm) 

316L Ar 160 12.5 15 0.8 

2507&2509 Ar 115 11.4 6.5 1.22 

2507&2509 Ar + 2%N2 100-110 11-12 6-10 1.0-1.9 

2507&2509 Ar + 2%N2 + 30% He 115 12.9 8.36 1.06 

4.2 Analytical techniques for microstructure and 

oxide characterisation 

4.2.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) was used in this work for 

microstructure investigations, in particular for analysis of the distribution of 

phases and their composition in Paper II.  

In the SEM an electron gun generates a beam of electrons that is accelerated 

at high voltage and focused using different lenses until it hits the specimen 

surface 83. There the electrons interact with atoms at the specimen surface 

generating a new emission of electrons that, depending on their type, will be 

collected by different detectors. 

Secondary electrons (SE) are low-energy electrons that originate from the top 

nanometres of the specimen surface and are dependent on the angle of the 
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beam. Thus, SE images display information about the specimen topography 

where edges and steep surfaces are brighter than flat surfaces. 

Backscattered electrons (BSE) are high energy electrons that are collected by 

a detector that is placed very close to the sample’s surface. The number of 

backscattered electrons increases with atomic number, thus BSE images 

display information on atomic number over the specimen surface where 

regions of average higher atomic number are brighter.  

SEM can also be equipped for Energy Dispersive Spectroscopy (EDS) and 

Wavelength Dispersive Spectroscopy (WDS) for chemical composition 

analysis. X-ray photons are generated when the electron beam causes shell 

electron transitions. The excited electrons then return to a lower energy state 

and generate X-ray photons with an energy and wavelength specific to the 

parent element. EDS detects and measures the energy of the X-rays, 

providing a quantitative analysis of the elemental composition with a depth of 

1-2 µm.  

WDS differs from EDS by using special crystals to diffract the radiated 

photons and distinguish the X-rays depending on their wavelength. WDS has 

a higher accuracy than EDS and it is often used for analysis of light elements. 

However, it is more time consuming.  

In this work a JEOL JSM 7000F was used with EDS and WDS spectrometers 

with acceleration voltages of 20 kV and 5-15 kV for SEM imaging with SE and 

BSE.  

4.2.2 Transmission Electron Microscopy (TEM) 

TEM was used in Paper II for higher resolution study of the phases present in 

the microstructure.  

The higher resolution of TEM compared to SEM is due to the shorter 

wavelength of the electrons. In contrast to SEM specimens, TEM specimens 

are very thin foils through which the electrons from the electron beam pass. 

Some electrons will be scattered, elastically or inelastically, and this will 

define the contrast of the image. Depending on the purpose of the study TEM 

can be used in image mode for topography studies, or in diffraction mode for 

crystallographic structures studies 84.  

In this study a TEM 200 kV Jeol 2100F field emission gun microscope was 

used in image and diffraction mode. The composition of the phases was 

studied using a windowless silicon drift detector for energy dispersive 
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spectroscopy (SDD-EDS), and a Gatan Tridiem energy filter for electron 

energy loss spectroscopy (EELS).  

4.2.3 Glow Discharge Optical Emission Spectroscopy 

(GDOES) 

Glow discharge optical emission spectroscopy (GDOES) was used in Paper I 

to quantify the thickness and composition of the oxide film on the steel 

surface.  

In this technique a vacuum vessel is filled with low pressure argon and a 

voltage is put across two electrodes, the specimen being the cathode. This 

electric field leads to electrical breakdown of the gas, creating a plasma. The 

specimen surface is consequently eroded by ions which are sputtered from 

the cathode into the plasma leading to optical emission following excitation. 

The concentration of each element is obtained by quantifying the emitted 

light at a wavelength which is specific for each element. The analysis is done 

on an area of 4 mm in diameter and with a depth resolution of 10 nm 85.  

In this work a LECO GDS 750 was used.  

4.2.4 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) was used in Paper I for characterising 

surface topography and roughness of plastically deformed specimens.  

In this technique the topography of the specimen is obtained by the scan of a 

probe tip over the specimen surface in three dimensions 86. AFM can be 

operated in contact mode or in tapping mode.  

In contact mode a sharp tip is brought close to the surface and kept at specific 

distance thanks to a constant attractive force between the tip and the surface. 

The tip moves vertically following the features of the surface and its 

movement is followed by a laser that it is reflected to a sensor. The movement 

of the laser will hit different parts of the sensor that will be collected in form 

of data and plotted as a topography image. 

In the tapping mode higher vertical and lateral resolutions are obtained based 

on the movement of an oscillating probe in contact with the surface of the 

specimen. 

In this study an AFM BRUKER (nanoscope multimode 8) with a cantilever 

frequency of 354.83 KHz and tapping mode was used. The step size was  

5-10 nm. 



19 

4.2.5 Auger Electron Spectroscopy (AES) 

Auger Electron Spectroscopy (AES) was used in Paper II to analyse the 

composition and thickness of the passive film over specific phases in the 

microstructure.  

AES is a surface analysis technique with a depth resolution of 5 nm in 

contrast to SEM-EDS that has 1-3 µm. Thus, it is recommended for surface 

compositional studies such as thin films. In AES the sample surface is excited 

with a focused electron beamed that leads to emission of Auger electrons. The 

energy of emission of the Auger electrons is characteristic of the parent 

element and thus it can be used to identify the elements in the studied 

specimen. For cleaning the surface before the analysis as well as for depth 

profiling sputtering is often performed with an argon ion beam 87.  

A PHI 700 Xi was used in this work with an acceleration voltage of 10 kV and 

a current of 10 nA. The overview spectrum obtained for the energy range 20-

2000 eV.  

4.2.6 Small spot X-ray Photoelectron Spectroscopy (XPS) 

XPS (also known as ESCA) was used in Paper III to characterise the thickness 

and composition of the heat tints. XPS, like AES, is an analytical technique to 

identify the elements present in a metallic surface 85. The two techniques 

differ in their source of primary radiation; being an electron beam for AES 

and X-rays for XPS. For XPS, the electrons are emitted from the surface of 

the specimen due to a photoemission process and their energy of emission 

determined by the spectrometer and related to a specific oxidation state. XPS 

can also give information of the chemical state of an element. The lateral 

resolution of XPS is lower than AES, 100 µm for XPS compared to 10-100 nm 

for AES.  

In this work the XPS experiments were carried out using the the Quantera II 

small spot ESCA from Physical electronics. The sputter spots were 2-2.5 mm 

in diameter, but only 200 µm of the central part of it was analysed with XPS. 

The analyses were done each 1 mm at successive spots, starting from the 

fusion line. The thickness of the oxide was defined as the value at which the 

oxygen and iron curves cross. 
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4.2.7 Scanning Kelvin Probe / Scanning Kelvin Probe Force 

Microscopy (SKPFM)  

The work function, also denoted the electrochemical potential, electrode 

potential or the Volta potential was investigated in Paper I and Paper II. The 

measurements were carried out using two different instruments depending 

on the desired resolution for the test. For Paper I, a UBM Messtechnick 

Scanning Kelvin Probe (SKP) was used for measuring the surface distribution 

of the electrode potential while for Paper II a Scanning Kelvin Probe Force 

Microscope (SKPFM) was used for mapping the electrode potential 

distribution at higher resolution on the different phases of the 

microstructure.  

SKPFM is an atomic force technique that is based on the scan of the specimen 

surface by a sharp tip which is in contact with the specimen thanks to 

electrostatic forces. The measurement of the electron work function (ewf,) 

is based on the vibrating capacitor method in which, as in a capacitor, two 

conductors, the probe and the specimen (working electrode) are put in 

parallel 88. The distance between the conductors varies as the probe vibrates 

vertically above the specimen surface, creating an alternating current, I(t), 

that is defined by the alternating capacitance (Cp) and the potential 

difference between probe (P/e) and working electrode (w/e), Vp/w 
89,90.  

I(t) = Vp/w (dCp/w /dt)  

Vp/w =w Pe  8) 

As the potential of the probe (P/e) is calibrated against a reference electrode 

(Cu/CuSO4) and kept constant during the measurement, the work function 

(w) is obtained.  

In SKPFM the work function can be imaged using two different operational 

modes, single pass mode and dual pass mode 91. In the single pass mode the 

tip of the probe is moved very close above the specimen thanks to an 

electrostatic force stimulated by the AC voltage applied at the probe at low 

frequency. This mode has higher resolution than the dual pass mode. In the 

dual pass mode a first pass is performed in which the topography of the 

specimen is scanned. The obtained data is used in the second pass to lift the 

probe at a specified distance from the specimen, so the potential is measured 

at a constant specimen-probe distance during the measurement. During the 

second pass, the probe oscillates due to the applied AC voltage, and the 

potential of the specimen is then mapped. 
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In this work, both for Paper I and Paper II, dual pass mode was used for SKP 

and SKPFM measurements.  

4.2.8 Thermodynamic calculations 

Thermodynamic calculations were used in Paper II to predict the 

microstructure of the alloys at equilibrium after specific heat treatments or to 

study the relation between different alloying elements. The calculations were 

done using Thermo-Calc 4.1 software with TCFE6 database. Databases with 

thermodynamic data are used to calculate equilibria of phases, defined by the 

minimum Gibbs energy 92.  

4.3 Corrosion testing methods 

The methods used for corrosion testing in this work included the Scanning 

Vibrating Electrode Technique (SVET), critical pitting temperature (CPT) and 

immersion testing.  

4.3.1 Scanning Vibrating Electrode Technique (SVET)  

SVET was used in Paper III to map in-situ the local corrosion activity over the 

welded joints immersed in a conductive electrolyte.  

SVET, as it names indicates, is a technique based on the scan of a vibrating 

electrode over the specimen surface 93,94. The microelectrode (probe) is 

electroplated with a platinum black tip of 2-50 µm in diameter. The tip of the 

probe is vibrated vertically in the electrolyte in a sine wave. As in a capacitor, 

the two conductors, the specimen (working electrode) and the probe, are 

positioned in parallel and the separation varies following the vertical 

vibration of the probe. The probe detects the potential drop,   , between the 

two extreme vibration points which is associated with the ionic current 

originating from the specimen surface into the electrolyte. The measured 

signal is amplified and filtered through x and y phase sensitive detectors that 

convert the AC signal to a DC potential. The current density   is then obtained 

using Ohm’s law based on the gradient of potential    and the electrolyte’s 

conductivity,   . 

          (9) 

Current density is then processed and plotted for each scan point in the form 

of a current density map.  

SVET can be used at open circuit potential (OCP) in which no external 

potential is applied, or with an applied potential where the specimen is the 
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working electrode, the counter electrode is a platinum reference wire, and the 

reference electrode is a microelectrode Ag/AgCl.  

4.3.2 Critical Pitting Temperature (CPT) 

The method E of ASTM G48 62 was used in Paper III to investigate the critical 

pitting temperature (CPT) of the welded joints. Specimens of dimensions 

70*25 mm with a centrally positioned weld parallel to the short side were 

ground to a P180 finish on the edges and root side, while the top side with the 

thermal oxides was retained as delivered.  

The method involves immersing the specimens for 24 h in a 6 wt.% ferric 

chloride test solution at a specific temperature. After testing the specimen is 

cleaned and dried and the surface inspected with a light optical microscope to 

identify the presence of pits. If no attack is visible the testing temperature is 

increased by 5 °C increments until pits are observed. CPT is defined as the 

lowest temperature for which pitting occurs.  

The initial testing temperatures for Paper III were defined by equation 10 

based on the content of Cr, Mo and N in the bulk metal.  

   ( )  (            )  (             )  (           )                         (10) 

4.3.3 Immersion testing 

Immersion testing was used in Paper II to identify sites for pit initiation. The 

method is described by Bianchi et al. 95 and it is denoted BCMT after the 

authors initials. The specimens are polished up to 1 mm and immersed in a 

solution of 15 g FeCl3, 15 g AlCl3, 100 ml glycerol and 100 ml ethanol at 40 °C. 

Numerous small pits appear on the surface of the specimen after testing 

revealing the area of the microstructure with the lowest resistance to pitting 

corrosion.  
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Chapter 5 

Summary of appended papers 

5.1 Paper I 

Influence of mechanical stress on the potential distribution on a 

301 LN stainless steel surface 

N. Fuertes Casals, A. Nazarov, F. Vucko, R. Pettersson, D. Thierry, J. 

Electrochem. Soc. 2015, 162, C465–C472.  

Paper I aimed to study the influence of the stress on the electrode potential of 

the austenitic stainless steel 301LN using Scanning Kelvin Probe (SKP). The 

most important conclusion from the work was that elastic deformation 

reversibly ennobled the potential whereas plastic deformation decreased it. 

This was observed in both tensile and compressive deformation. To interpret 

the effect of stress, different surface preparations were used and the thickness 

and composition of the passive film were determined by GDOES. Slip steps 

formed due to plastic deformation were observed using AFM. The effect of 

plastic strain on the potential was explained by the formation of dislocations. 

5.2 Paper II  

Review-Passive film properties and electrochemical response of 

different phases in a Cu-alloyed stainless steel after long term heat 

treatment  

N. Fuertes, R. Pettersson, J. Electrochem. Soc. 2016, 163 (7), C377-C385.  

This paper investigated the role of copper (0-4 wt.%) on the microstructure, 

passive film properties and local electrochemical response of a heat treated 

superduplex stainless steel. The study showed that alloying with Cu decreased 

the sigma phase fraction and increased the amount of isothermal Cr2N 

nitrides and epsilon-Cu phase. Using Scanning Kelvin Probe Force 
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Microscopy (SKPFM) the electrochemical potential of the different phases in 

the microstructure was characterised. The relation between electrochemical 

potential, composition of the underlying phases and thickness of the passive 

film was elucidated. The location of pitting corrosion as well as the lowest 

electrochemical potential (work function) was measured for the epsilon-Cu 

phase. The highest potential was measured for Cr-nitrides followed by sigma 

phase, austenite and epsilon-Cu phase. A clear decrease of potential due to 

alloying with Cu was observed for the austenitic. 

5.3 Paper III 

Use of SVET to evaluate corrosion resistance of heat tints on 

stainless steel welded joints and effect of different post-weld 

cleaning treatments 

N. Fuertes, V. Bengtsson, R. Pettersson, M. Rohwerder 

Submitted to Materials and Corrosion, 28th of April 2016. 

In paper III the effect of heat tints on the corrosion resistance of a 2507 

duplex stainless steel GTAW welded joint was assessed. The Scanning 

Vibrating Electrode Technique (SVET) was used to study oxide dissolution, 

initiation and propagation of corrosion on the welded joint at the open circuit 

potential (OCP) and at applied potentials. Small spot X-ray Photoelectron 

Spectroscopy (XPS) was used to characterise the thickness and composition 

of the heat tints. Both heat tinted and cleaned welded joints were tested. Post-

weld cleaning methods investigated were brushing, brushing plus polishing 

and brushing plus pickling paste. The results from the 2507 welded joint were 

also compared with results from a GTAW 316L welded joint. SVET was 

shown to be an appropriate technique for characterising in-situ the activity of 

heat tints. It was seen that heat tints dissolve by electrochemical reactions 

that can be mapped with the SVET and correlated with the level of 

discoloration of the oxides, with the purple-brown oxide being the most 

active. Mechanical post-weld cleaning methods proved to be insufficient to 

remove the anodic activity in the heat tint. The most efficient process was 

brushing followed by pickling, which resulted in a totally passive surface 

measured with SVET and a higher CPT.  

 

  



25 

 

Chapter 6 

Results 

6.1 Passive film properties 

The effect of surface state, elapsed time and alloying elements on the passive 

film properties was studied in Paper I and Paper II.  

The alloys investigated were an austenitic 301LN and a heat treated 25Cr7Ni 

type superduplex stainless steel with different additions of copper.  

6.1.1 Effect of elapsed time 

GDOES was used for characterising the thickness of the austenitic 301LN. 

The specimens were ground with SiC#80 paper or polished with 1 µm 

diamond paste and then analysed with GDOES after elapsed times of 0.5 h,  

4 h and 48 h.  

As shown in Figure 2 the thickness of the passive film was in the range of  

2-4 nm and increased with the elapsed time after preparation.  

The composition of the passive film was similar for all elapsed times after the 

specimen preparation. It was characterized by an inner Cr-enriched oxide 

and an outer layer with enrichment of Fe and Ni as presented in Figure 2.  

No clear effect of surface roughness on thickness or composition was 

observed.  
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Figure 2 Passive film thickness of 301LN as a function of elapsed time in air after 
grinding with SiC #80 paper or polishing to 1 µm diamond paste (right) and GDOES 
compositional depth profile (left) through passive film of 301LN 48 h after polishing 
with SiC#80. The oxide thickness is defined as the value at which the oxygen level is 
half of the difference between maximum and minimum values and marked with a 
vertical line. Figure adapted from Paper I 

96
.  

6.1.2 Effect of copper alloying on microstructure and 

passive film 

In Paper II the effect of alloying with copper on the microstructure and 

passive film was investigated. Superduplex stainless steels with different 

copper contents of 0, 2 or 4 wt.% were heat treated at 800 °C for 6 months to 

obtain a near-equilibrium structure containing various phases in the 

microstructure.  

The microstructure of the alloys shown in Figure 3 comprised austenite, 

sigma, Cr-nitrides and epsilon-Cu phase. The amount of each phase differed 

depending on the copper content of the alloy.  

The sigma phase content decreased when copper was added in the alloy. This 

was predicted by equilibrium calculations using Thermo-Calc and 

demonstrated with image analysis. The composition of this phase was largely 

independent of the total copper content in the alloy and was typically 33 wt.% 

Cr, 3.3 wt.% Ni and 8.1 wt.% Mo. According to SEM-EDS and Thermo-Calc 

investigations the sigma phase did not contain copper even for the alloys with 

4 wt.% Cu. It was only when using TEM-EDS that 0.3 wt.% Cu was measured 

in this phase for the 2Cu alloy.  
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a) 0Cu                                                   b) 2Cu 

 

c) 4Cu                                                                   

 
Figure 3 Microstructure of the duplex stainless steels after heat treatment for  
6 months at 800 °C. Cr-nitrides are the darkest phase, followed by austenite, sigma 

phase and epsilon-Cu phase () which is the brightest phase. Figure adapted from 
Paper II 

97
.  

Most of the copper in the alloy was measured in the Cu-epsilon phase and 

lower levels were present in the austenite phase, as exemplified in the EDS 

element map in Figure 4. 

For the alloy 4Cu, epsilon-Cu precipitates are seen in Figure 4.b as the 

brightest spots, as they have the highest Cu content, and are located at the 

sigma/austenite grain boundaries. Sigma is seen as black in Figure 4.b as it 

does not contain Cu, while austenite contains a slight amount of Cu and is 

brighter. Cr-nitrides, having the highest Cr content, are the brightest phase in 

Figure 4.c, followed by sigma phase and austenite.  

The total amount of nitrides slightly increased at higher copper content. TEM 

investigations showed that nitrides were a trigonal-type Cr2N (P-31m) and 

were located at the austenite/sigma phase grain boundaries and at the centre 

of large austenitic grains. 
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a) SEM-BSE b) EDS-Cu c) EDS-Cr 

 

Figure 4 EDS element map of 4Cu alloy showing distribution of elements in the 
phases. Figure adapted from Paper II 

97
.   

AES was used to characterize the thickness and composition of the passive 

film of the multiphase alloys with 0 and 2 wt.% copper content. The thickness 

was independent of the copper content of the alloy but as shown in Figure 5 

differed depending on the underlying phase.  

a) Sigma  

 

b) Nitrides 

 

c) Austenite 

 

 

Figure 5 AES compositional depth 
profiles through passive films on the 
phases present in the microstructure of 
the 0Cu alloy 48 h after surface 
preparation. The thickness of the 
passive film is defined as the value at 
which the oxygen level is half of the 
difference between maximum and 
minimum points and is indicated by a 
dashed line. Figure adapted from Paper 
II 

97
. 
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Both for the alloy 0Cu and 2Cu the passive film on austenite had a thickness 

of 1.5-2 nm, compared to 0.5-1 nm on sigma phase and Cr-nitrides. The 

composition of the passive film was largely independent of the underlying 

phase and, as observed in Paper I for 301LN, was characterised by a Fe and 

Ni outer oxide and an inner layer enriched in Cr. The Cr content in the 

passive film was slightly higher on nitrides than sigma phase and austenite.  

6.2 Electrode potential 

An investigation of the electrode potential of stainless steel alloys was 

performed in Paper I and Paper II.  

6.2.1 Effect of elapsed time and passive film thickness  

In parallel with investigations of the passive film thickness and composition, 

a study was performed on the evolution of the work function of the steel 

surface versus elapsed time after surface preparation. This was done on the 

austenitic alloy 301LN and elucidated in Paper I. It was observed that the 

work function increased with time after surface preparation, as shown in 

Figure 6, and that this could be correlated to an increase in the thickness of 

the passive film.  

The electrode potential of the austenitic stainless steel 301LN was 

approximately 300 mVSHE after exposure in air for 96 h. The potential 

decreased by 250 mV when the surface of the specimen was polished, 

reaching a level of 30-50 mVSHE. It required an elapsed time of 48 h after 

surface preparation for the potential to return to the original level of  

300 mVSHE. As shown in Figure 6 no clear effect of surface roughness was 

observed. 

The steady electrode potential of 300 mVSHE was increased when the 

specimens were heat treated at 100 °C for 15 h. In this case a potential of  

380 – 400 mVSHE was measured. Acid treatment led to lower work function.  
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Figure 6 Changes of the surface potential of 301LN in air after polishing with SiC#80 
paper or 1 µm diamond paste. The potential increased with time and stabilized after 
48 h independent of the roughness. Heat treatment led to higher potentials whereas 
an acid treatment decreased the surface potential. Mean values of two specimens 
based on duplicate tests are shown. Figure adapted from Paper I 
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6.2.2 Effect of copper alloying  

To provide a comparison with the differences in microstructure and 

composition due to copper alloying, SKPFM was used to evaluate the effect of 

those parameters on the distribution of electrode potential on the 0Cu and 

2Cu alloys.  

In Figure 7 the electrode potential map on the 0Cu and 2Cu alloys is shown, 

where bright regions correspond to a high electrode potential and dark 

regions to a low electrode potential.   

Cr-nitrides showed the highest potential for both 0Cu and 2Cu alloy, and 

were thus the noblest phase in the microstructure. For the alloy without 

copper, 0Cu, no appreciable difference was observed between the electrode 

potential of austenite and sigma phase. However, additions of 2 wt.% Cu in 

the alloy led to a difference of ~30 mV between sigma phase and austenite, 

with sigma phase being nobler than austenite.  

Cu-epsilon phase, present in the 2Cu alloy but not in 0Cu, had the lowest 

potential of all the phases present in the microstructure and it was seen as the 

darkest phase in Figure 7.  
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a) 0Cu  b) 2Cu 

       

  

Figure 7 SKPFM map and electrode potential line profile for 0Cu (a) and 2Cu (b) 
alloys heat treated at 800°C for 6 months. Cr-nitrides were the noblest phase and 
epsilon-Cu phase the least noble. A difference in work function between austenite and 
sigma phase was only observed for the 2Cu alloy. Figure adapted from Paper II 

97
. 

6.2.3 Effect of mechanical stress 

In addition to studying the effect of passive film thickness, and underlying 

phase on the electrode potential, in Paper I an investigation of the effect of 

mechanical stress on the electrode potential was performed.  

The influence of mechanical load was investigated by applying a load of  

650 MPa for plastic deformation and 350 MPa for elastic deformation. After 

deformation the specimens were analysed with SKP to measure the electrode 

potential.  

In the initial state the non-deformed surface had an electrode potential in the 

range 300-350 mVSHE. This potential increased by 30-70 mV when an elastic 

load was applied, as shown in Figure 8, and recovered to the initial potential 

when the load was removed. 
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a) σ = 0 MPa 

 

   b) σ = 350 MPa 

 
Figure 8 Electrode potential maps of a 301LN before loading (a) and under elastic 
load (b) showing an increase of the potential by 30-70 mV when 350 MPa were 
applied. Figure adapted from 

96
. 

 

When a plastic load was applied the electrode potential decreased by  

~150 mV. In contrast to the effect of elastic deformation, this shift was 

irreversible so when the load was removed the electrode potential did not 

recover to the original level, as illustrated in Figure 9.  

 

a) σ = 0 MPa 

 

b) σ = 650 MPa 

 
c) σ = 0 MPa       (t = 48 h) 

                                                         

 

Figure 9 Electrode potential maps of 
301LN before loading (a), under plastic 
load (b) and 24 h after removing the load 
(c).  

The electrode potential decreased 

irreversibly by 150 mV. Figure adapted 
from Paper I 
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The effect of plastic deformation was also studied after performing an 

indentation test. In Figure 10 the topography and electrode potential maps 

for a 301LN specimen are shown. The initial electrode potential was in the 

range of 250 mV-300 mVSHE and decreased by 250 mV in the deformed 

region, reaching a potential of 0 mVSHE. As already observed for the 

specimens after tensile deformation, the process was irreversible and the 

potential, even if it increased to 10-20 mV after 24 h of exposure in air, did 

not recover to the original value of 250-300 mVSHE.  

The plastically deformed specimens were characterised with AFM and XRD 

after testing to study the effect of deformation on the microstructure. AFM 

revealed an increased roughness and the presence of slip steps on the 

plastically deformed area and XRD showed a fully martensitic structure due 

to the transformation of austenite into martensite.  

a) Electrode potential  

before indentation 

 

b) Topography  

 
c) Electrode potential after indentation 

                                  

                        

d) Electrode potential after passivation 

 

Figure 10 Electrode potential maps (a, b, d) and topography (b). Before (a) and after 
indentation (b, c, d). Potential profile after treatment in the 30 vol.% nitric acid (d). 
Figure adapted from Paper I 

96
. 
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6.2.4 Electrode potential and corrosion resistance 

In order to elucidate the relation between work function and corrosion 

resistance BCMT immersion testing was performed for the multiphase alloys 

in Paper II.  

After immersion in the FeCl3 + AlCl3 + glycerol + ethanol solution, 

numerous small pits were observed in the austenitic phase for both alloys 

0Cu and 2Cu, as shown for the 2Cu alloy in Figure 11. Epsilon-Cu phase 

dissolved during testing and sigma phase was unattacked. The pits were more 

pronounced at the austenite/nitrides grain boundaries but were present 

throughout the austenitic phase.  

 

Figure 11 SEM-BSE image of the 2Cu alloy after immersion testing in FeCl3 + AlCl3 + 
glycerol + ethanol showing pits in the austenite. Figure adapted from Paper II 
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6.3 Thermal oxides  

6.3.1 Discoloration, thickness and composition  

In Paper III heat tints on stainless steel welds were characterized based on 

their level of discoloration and composition. The welds studied were an 

austenitic 316L steel GTAW welded with pure argon and a duplex 2507 steel 

welded with different shielding gases. The investigation showed that the 

discoloration of the heat affected zone adjacent to the weld was dependent on 
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different factors, including the composition of the shielding gas used, the heat 

input during welding and the composition of the base metal.  

As shown in Figure 12 alteration of these factors modified the location and 

colour of the heat tint bands present. A dark-blue oxide was present on all 

welded specimens at y=0 mm (fusion line) reaching up to y=2 mm. The 

widest dark-blue oxide was observed for the Ar+2%N2 2507 weld. With 

increasing distance from the fusion line a blue-purple oxide appeared next to 

the dark-blue oxide, followed by a purple, brown and finally a straw yellow 

oxide.  

Comparing the austenitic and duplex grades it could be observed that the 

duplex steel welded with pure argon had a narrower heat tint compared to the 

austenitic steel welded with the same conditions. For the duplex weld, 

addition of helium to the shielding gas gave a heat tint with more 

homogenous discoloration, only a brown oxide up to y=10 mm and a narrow 

purple oxide at y=2 mm. Additions of nitrogen in the shielding gas gave a 

more defined purple oxide at y=4-6 mm. 

 

Figure 12 Heat tint discoloration on 316L welded joint (left) and 2507 welded joint 
(right) where Y=0 is set at the fusion line.  

 

The composition and thickness of the thermal oxides were investigated by 

XPS and an example is given in Figure 13. The analyses were done for all the 

specimens at spots at specific distances from the fusion line, with 1 mm 

between each spot. As shown in Figure 13 for the duplex welded joint 2507 

pure Ar, the thickness of the heat tint (defined as the value at which Fe-O 

curves cross) decreases for higher distance from the fusion line. Another 

feature common to all the specimens investigated was that no chromium 

depletion under the heat tint was observed. 

316L 2507  

Ar Ar Ar+2%N2 Ar+2%N2+30%He  

    

 

       

 

y=0 mm 

y=10 mm 

  
             

  
  
  

pale yellow   
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dark yellow   

brown   

purple  b rown   

purple   
blue   

dark blue 

weld pool 
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For the 2507 welded with pure Ar shielding gas the oxide was thicker than  

2 µm at 0.9 mm from the fusion line and it consisted on an outer of Fe-oxide 

layer (mixed with some Mn-oxide) and an inner layer of Cr-oxide, Figure 13.a. 

Further away from the fusion line, at 1.9 mm the oxide was 1.6 m thick with 

an outer layer Fe-oxide and inner layer Cr-Fe-oxide. At 3.9 mm from the 

fusion line (Figure 13.b) the oxide structure was the same but its thickness 

decreased to 400 nm. 

a) 0.9 mm 

 
b) 3.9 mm 

    
Figure 13 XPS element profiles [at.%] of the duplex 2507 welded joint pure Ar at  
0.9 mm and 3.9 mm from the fusion line. The thickness of the heat tint, defined as the 
value at which Fe-O curves cross, decreases further away from the fusion line. The 
heat tint has an outer oxide layer of Fe-oxide and inner oxide layer of Fe-Cr-oxide.  
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The 2507 welded with Ar+2%N2+30%He shielding had thinner oxide layers 

than the ones measured for the pure Ar welded joint. Apart from being 

thinner, the oxides had an outer layer of Fe-Mn-oxides and an inner layer of 

Fe-Cr-Mn-oxide.  

The 2507 welded with gas Ar+2%N2 shielding had a thinner oxide layer close 

to the weld metal compared to the other welded joints, but a relatively thicker 

oxide at increasing distance from the fusion line. As seen previously for the 

welded joint with additions of He in the shielding gas, Mn was found in the 

heat tint. Close to the weld metal, the oxide had an outer layer of Fe-Mn-

oxide followed by an inner layer of Cr-Oxide. At 2.5 mm the oxide was a mix 

of Mn-rich Mn-Fe-oxide, followed by an inner layer of mixed Cr-rich Cr-Fe-

Mn-oxide.  

The scale for the austenitic welded joint 316L was thinner than for the 2507 

weld, being 250 nm thick at 0.8 mm and 120 nm at 4.8 mm from the fusion 

line. The composition was similar to that of the oxide on 2507, with an outer 

layer of Fe-oxide and inner layer of Fe-Cr-oxide (with lower fraction of Cr 

than for the 2507 welded joint). 

6.3.2 Oxide dissolution and local electrochemical activity 

The effect of thermal oxides on the corrosion resistance of the welds was 

studied in detail in Paper III. This was done by mapping the local 

electrochemical activity with SVET (Figure 14) and determining the critical 

pitting temperature with ASTM G48 method E. Specimens were tested as 

received, with the thermal oxide present, and after post-weld cleaning.  

Pitting did not occur when testing with SVET but selective oxide dissolution 

was observed when the specimens were immersed in the electrolyte and 

tested at OCP, as shown in Figure 14.  

The oxide dissolved during the 30 min of immersion in 10 mM NaCl and an 

anodic activity was measured with SVET on these areas, seen in red in the 

current density map. The rest of the specimen had passive or slightly cathodic 

current density.  
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a) 1h  

 

b) 3h 

 

c) 4h 

 

d) 11h  

 
Figure 14 Current density scans at OCP over the entire 2507 joint welded with pure Ar 
after 1 h (a), 3 h (b), 9 h (c) and 11 h (d) immersion time. Anodic current bands are 
located at 3 mm from the fusion line with intensity decreasing with immersion time. 
The weld metal was located between 12000-8000 µm. 

Different levels of corrosion reactivity were measured in the form of parallel 

anodic bands at different distances from the fusion line, from 1 to 4 mm. The 

anodic activity decreased with time until after 24 h of immersion the surface 

reached a passive state. As shown in Figure 15, when the specimen was 

polarised to 200 mV vs. Ag/AgCl electrode the anodic bands observed at OCP 

increased in magnitude reaching 1000 µA/cm2. For both the duplex and 

austenitic welds, the anodic activity was located in bands between 1 and  

4 mm from the fusion line which correspond to dark-blue and purple oxide.  

 

Figure 15 Current density scans at 200 mV versus Ag/AgCl of 2507 joint welded with 
pure Ar. 
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In addition to altering the level of discoloration of the welded joints, the 

composition of the shielding gas also affected the corrosion activity of the 

heat tints, as presented in Figure 16. For the duplex grade welded with 

additions of helium in the shielding gas Ar+2%N2+30%He led to higher 

anodic activity in the purple-brown oxide. Addition of nitrogen gave a less 

active oxide.  

 a) Ar 

 
b) Ar+2%N2 

 
 

c) Ar+2%N2+30%He 

 
Figure 16 Current density scans at OCP after 30 min immersion of 2507 joint welded 
with pure Ar (a), Ar+2%N2 (b) and Ar+2%N2+30%He (c). Anodic current bands are 
located on the heat tinted region (the fusion line is located at y=0). Note a different 
scale for the scan Ar+2%N2+30%He. 
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The corrosion resistance of the welded joints was also investigated using 

ASTM G48 method E. The results for the duplex welds with different 

shielding gases are shown in Figure 17.  

As observed after SVET testing, heat tint dissolution also occurred during 

CPT testing. Pitting occurred both in the heat tinted zone and within the weld 

metal of all the specimens. In the weld metal the pits were larger than in the 

heat tinted zone and less numerous. In the welds with argon and argon plus 

nitrogen the pits were located at 2-3 mm from the fusion line, corresponding 

to the purple-brown oxide. For the specimen welded with additions of helium 

the pits were located at 1-2 mm from the fusion line.  

The CPT of the welded joints was clearly lower than the corresponding CPT 

for the base metal. Nitrogen additions to the shielding gas slightly increased 

the CPT compared to the joint welded with pure argon. Helium additions did 

not affect the CPT.  

 

Figure 17 CPT [°C] using ASTM G48 of 2507 welded with different shielding gases. 
Pits were located within the weld metal and at 1-3 mm from the fusion line. The CPT 
for the base metal is from 

2
. 

6.3.3 Effect of post-weld cleaning 

The effect of post-weld cleaning techniques was also investigated in Paper III 

using SVET and CPT. As shown in Figure 18, different levels of corrosion 

activity were measured depending on the cleaning method used and could be 

related to the remaining weld oxide. 

When brushing was used an anodic activity was still measured close to the 

fusion line of the welded joint. This anodic activity was also observed after 
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polishing. Only when pickling paste was applied after brushing did the anodic 

activity disappear, even when the specimen was polarised to 200 mVAg/AgCl.  

a) As-welded 

 

b) After brushing 

 

c) After brushing and pickling paste 

 

 

Figure 18 Current density scans at  
200 mV versus Ag/AgCl of 2507 joint 
welded with pure Ar after 30 min 
immersion. Anodic current bands are 
observed on the heat tinted region and 
were only removed if pickling paste was 
applied. 

The improvement in corrosion resistance after brushing and pickling was also 

observed from the CPT results, as plotted in Figure 19 and Figure 20.  

Brushing or brushing + polishing did not give a major increase of the CPT: for 

the duplex welded joints it only increased by 5 °C and for the austenitic the 

CPT was the same as for the specimens with heat tint. Pickling was the post-

weld cleaning method that gave the largest improvement in the CPT, both for 

austenitic and duplex specimens. When pickling was applied after brushing, a 

CPT of 70 °C was obtained, which is similar to the CPT of the base metal, for 

the duplex weld. Pits were located in the weld metal and at 2-3 mm from the 

fusion line.  
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Figure 19 CPT [°C] using ASTM G48 of 2507 welded joint after different post-weld 
cleaning methods. A lower CPT was measured for the welded joints with heat tint and 
it is improved CPT when pickling paste is applied. CPT for the base metal 

2
.  

Similar results were seen for the 316L welds, Figure 20. Pits were again 

located within the weld metal and at 2 mm from the fusion line. Pickling was 

the most successful method for oxide removal giving a CPT of 5 °C, but this 

remained lower than the CPT of the 316L base metal. 

 

Figure 20 CPT [°C] using ASTM G48 of 316L welded joint after different post-weld 
cleaning methods. A lower CPT was measured for the welded joints with heat tint and 
this was improved when pickling paste was applied. The CPT for the base metal is 
from 

2
.  
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Chapter 7  

 

Discussion 

The correlation between passive film properties, electrode potential and the 

effect of external factors such as thermal and mechanical influence was 

elucidated in this work.  

The electrode potential and passive film thickness were observed to increase 

with time after polishing, which could be attributed to the reaction of the 

elements of the bulk metal with the oxygen in the atmosphere. As discussed 

e.g. by Hakiki 98, this reaction is limited by diffusion processes of the anions 

or cations through the oxide film, which explains that the thickness of the 

oxide stabilizes and reaches a steady-state after a specific time.  

The average thickness of the passive film measured in the multiphase alloys 

in Paper II was in agreement with the measurements done in the austenitic 

301LN in Paper I, as well as with published studies such as the work by 

Hashimoto 11, and Olsson 8,10. However, the investigations in Paper II also 

showed that the passive film thickness was different depending on the 

underlying phase. This observation is in contrast to published work by Olsson 

and Landolt which indicated that the passive film had the same thickness 

over ferrite and austenite in duplex stainless steels, explained by vertical and 

lateral growth of the oxide 8. In the present study, where there was a larger 

range in phase compositions, the results show that the lateral transport in the 

oxide must be limited, since different passive film thicknesses were measured 

over the phases. The combination of differences in chromium contents and 

chromium diffusion rates between nitrides (63 wt.% Cr) sigma phase  

(33 wt.% Cr) and austenite (19 wt.% Cr) clearly leads to different passive film 

thicknesses and compositions. It may be speculated that sigma phase may 

have a higher chromium diffusion rate than austenite and nitrides as the 
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oxide is the thickest on this phase, even though the nitrides had a higher Cr 

content.  

The composition of the passive film was similar and largely independent of 

the underlying phase. As demonstrated in Paper I it was composed of an 

outer layer of Fe and Ni enriched oxide and an inner layer enriched in Cr. 

This is in good agreement with published works performed using a variety of 

different analytical techniques 70,99–101. 

The work in Paper I and Paper II showed that there were potential variations 

measured with SKPFM. These were attributed to changes in composition, 

residual stresses and thickness of passive film as suggested in other works 102–

105. Work published by Sathirachinda 106 showed that similar potential levels 

were measured on austenite and sigma phase for a duplex 2507 stainless steel 

alloy. The same was seen in the present work for the heat treated duplex alloy 

0Cu. However, additions of copper led to a higher potential for sigma phase 

than austenite. As sigma and austenite have similar passive film thickness for 

0Cu and 2Cu alloys, it may be reasoned that the composition of the 

underlying phase is a stronger determinant for the difference of potential 

than the thickness of the passive film. In the 2Cu alloy, there was some 

copper in the austenite, while the level was close to zero for sigma phase. 

Thus, it seems that copper may be responsible for the decrease in the 

potential of austenite, in agreement with the lowest potential being measured 

for epsilon-Cu phase. The highest potential was measured on the Cr-nitrides 

which had also the thinnest passive film, indicating again that for the 

multiphase microstructures studied in Paper II, composition of the 

underlying phases was a stronger determinant than the thickness of the 

passive film on the electrode potential, as presented in Paper I.  

A similar ranking of potential of phases obtained by SKPFM in the 0Cu and 

2Cu alloys was seen after immersion testing. Pitting corrosion attack was 

found in epsilon-Cu phase and austenite, while nitrides and sigma phase did 

not suffer from corrosion. Thus, the work function could be used as an 

indicator of local corrosion resistance of stainless steels.  

The electrode potential was also observed to be affected by the stress level 

applied 107,108. Elastic stress increased the electrode potential while plastic 

stress decreased it. For elastic stress the increase of potential was attributed 

to an increase of nano-roughness on the specimen surface, reaching the 

maximum level at the limit of elastic/plastic deformation. Wang et al. 107 also 

suggested that the increase of potential during elastic stress was due to a 

decrease of the atomic packing density and the quantity of the electrons in the 
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metal surface layer, which would lead to a higher Fermi level by increasing 

the binding of the electrons to the surface layer. On the other hand, plastic 

stress can lead to the formation of slip bands on the surface. These could 

rupture the passive film, creating active areas with a lower Fermi level and 

thus lower electrode potential, as was observed in Paper I. A further effect is 

that a metastable austenitic steel such as the 301LN studied in Paper I, can 

transform to martensite when plastically deformed, which could also lead to a 

rupture of the surface oxide and decrease of electrode potential 79. 

Another feature affecting the passivity of stainless steel is the presence of 

thicker thermal oxides such as heat tint on welds. Selective oxide dissolution 

was observed in Paper III and has also been reported in other works in the 

literature 24,51,55. The dissolution process has been explained by a mix of 

chemical and electrochemical reactions 49. In this study, a corrosion current 

density was measured with SVET and linked to the oxide dissolution. This 

indicated that the dissolution process was an electrochemical process; 

however that does not exclude the possibility that other non-electrochemical 

reactions also take place. The current densities measured might not be 

exclusively related to oxide dissolution as they may also be the result of 

underlying metal oxidation.  

The current densities measured with SVET were observed as anodic bands 

parallel to the fusion line at a distance of between 1 and 4 mm, which 

corresponded to the presence of a purple-brown and dark-blue-purple oxide, 

where pits were also located after CPT testing. This is in agreement with the 

work of Westin et al. 21, who observed that pitting occurred at 1-2.5 mm from 

the fusion line.  

The XPS studies performed in this work showed that pitting occurred in a 

region where oxides consisted in an outer layer of Fe-oxide and inner layer 

Cr-Fe-oxide, in agreement with the work performed by Moltke, Somervuori 

and Pettersson 51,54,82. However, this type of oxide structure and composition 

was homogenous at different distances from the fusion line. The oxide 

differed slightly in Fe and Cr content and thickness; being thicker and richer 

in Fe close to the fusion line, and thinner and richer in Cr further away from 

the fusion line. Additions of N in the shielding gas led to more Mn rich 

oxides, as also seen by Westin et al. 21.  

The anodic activity seen with the SVET and the presence of pits between  

1-4 mm from the fusion line was thus, difficult to link to a specific 

composition of the oxide. It could not be explained by the presence of a 

chromium depleted region under the heat tint as no such layer was observed 
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in any of the XPS measurements performed. The presence of this depleted 

layer was previously discussed in other works 21,51,55, and it was suggested that 

the absence of a chromium depleted layer may be due to evaporation and 

deposition of this element during the welding process 21.  

A possible justification of the location of the pits in the anodic region could be 

related to the concentration of Cl- in this zone. The anodic activity of the 

oxide measured with SVET could attract negative ions, e.g. Cl-, which could 

react with the Cr in the base metal, reducing consequently the local pH and 

causing pit initiation.  

Consequently, the anodic activity of the heat tints is suggested to be 

determined by the interplay between the composition and the thickness of the 

oxide. Taking into account the ratio between O and Fe/Mn/Cr content, it is 

seen that the oxides are non-stoichiometric. The outer layer has a deficiency 

of O that can lead to a high concentration of Fe2+ and Mn2+ states, and thus to 

a very reactive oxide. On the other hand the inner Cr-rich oxide layer may 

decrease the reactivity of the oxide. However, close to the fusion line where 

the Fe/Cr ratio is much higher than further away, pits are not observed and 

the current activity is very low. This indicates that the thickness and the 

according low conductivity would counteract the reactivity of the oxide. 

Hence, it is suggested that an initial activity and visible anodic current occur 

where the thickness of the oxide is intermediate and reactive compositions 

prevail. 

The results from this work also showed that the colour of the heat tints is not 

directly linked to its composition, but to its thickness, as stated by Moltke 51. 

Similar oxide compositions but different thicknesses were obtained from the 

XPS spectra at different positions from the fusion line that had different 

levels of discoloration.  

It is thus difficult to link the colour of the thermal oxides to a level of 

corrosion resistance so that it can be used for ranking the quality of welded 

joints. One previous investigation 56 has suggested that rose (possibly brown-

purple oxide in this study) and dark blue coloured oxides have lower 

corrosion resistance than the straw coloured oxide whereas other works 

suggested that the colour of the oxide was only related to its thickness 51. No 

such correlation between colour and corrosion resistance can be made 

directly from the results of this work, because each weld exhibited a spectrum 

of colours but only the weakest suffered pitting. However, in most of the 

welds the anodic bands measured by SVET were located on the brown-purple 

or the dark-blue oxide, which is in agreement with Kearns 56. Pits were also 
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observed in the weld metal, which could be explained by compositional 

heterogeneities and defects in the weld metal. Pitting did not occurred when 

testing with SVET as the solution used was less aggressive than the CPT 

testing solution.  

It is possible to conclude that thermal oxides have a detrimental effect on the 

corrosion resistance of stainless steel welds, in agreement with other works 
18,51. The detrimental effect of the oxides was still seen after post-weld 

cleaning using mechanical techniques. When brushing was applied an anodic 

activity was still measured on the duplex stainless steel weld joint. Polishing 

with a Scotch-BriteTM wheel did not remove the anodic activity indicating that 

residual thermal oxides were still left after this treatment. 

Only when pickling paste was applied after brushing did the anodic activity 

disappear. Westin et al. 21 also suggested that manual polishing with Scotch-

BriteTM EXL 2SFN, or brushing, followed by pickling as the most efficient 

post-weld cleaning techniques for stainless steels, in particularly for thicker 

oxides obtained using nitrogen in the shielding gas.   
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Chapter 8 

 

Conclusions 

This work has demonstrated that local electrochemical techniques such as 

SVET and SKP/SKPFM and local characterization technique such as AES and 

XPS are valuable methods for studying corrosion phenomena of stainless 

alloys based on measurements of corrosion current density, work function, 

thickness and composition of the oxide.  

The following conclusions were drawn from this study:  

- The thickness of the passive film and the composition of the underlying 

phases affect the work function, and thus the nobility of the alloy. This 

was exemplified for austenitic 301LN stainless steel in Paper I where a 

thicker passive film increased the work function, leading to a more noble 

potential. In Paper II it was demonstrated that the composition of the 

underlying phases in a heat treated superduplex 25Cr7Ni type stainless 

steel had a greater effect on the work function than the thickness of the 

passive oxide. A higher work function was measured for chromium 

nitrides than sigma phase even though the former developed thinner 

passive film. 

- The work function can be used as an indicator of local corrosion 

resistance of stainless steels. This was illustrated in Paper II where the 

corrosion attack on a heat treated superduplex 25Cr7Ni type alloy 

initiated in the phases where the lowest work function was measured.   

- Alloying with copper did not alter the average thickness and composition 

of the passive film but affected the alloy microstructure. This was 

demonstrated in Paper II where additions of copper to a superduplex 

25Cr7Ni multiphase alloy decreased the sigma phase fraction, slightly 
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increased the Cr2N nitrides fraction and led to precipitation of epsilon-

Cu phase after long term heat treatment at 800 °C. 

- The passive film and work function can be altered by external factors. In 

Paper I plastic mechanical deformation of a 301LN stainless steel 

irreversibly decreased the work function, whereas elastic deformation 

did not have any permanent effect on the work function.  

- The passivity of stainless steel was altered when subjected to high 

temperatures during welding. In Paper III thermal oxides on 2507 and 

316L welds were studied. SVET investigations demonstrated that the 

weld areas with thermal oxides were no longer passive when immersed 

in 10 mM NaCl and anodic activity was detected. The activity and the 

presence of pitting were suggested to be determined by the interplay 

between the composition and the thickness of the oxide, where the 

highest Fe/Cr ratio and thinnest inner Cr-oxide would lead to the 

weakest oxide. It was not related to the presence of Cr-depleted layer as 

no such layer was detected in any of the measurements. 

- The passivity of stainless steel after welding could be restored by 

removing the thermal oxides with a combination of mechanical and 

chemical post-weld cleaning techniques. This was exemplified in Paper 

III where the efficiency of different post-weld cleaning techniques on 

2507 and 316L welds was studied. It was shown that brushing or 

polishing were insufficient to remove the anodic activity in the heat tint 

and the most efficient process was brushing followed by pickling which 

resulted in a passive surface measured with SVET.  
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Future work 

This work has increased the knowledge of the interrelation between the alloy 

composition, passive film properties, work function, and mechanical or 

thermal treatment. However, some questions require further investigation.  

A natural extension of the work on the effect of applied stress would be to use 

SKPFM to study the effect of mechanical deformation on the work function at 

microstructural level and correlate it to residual stress of the different phases. 

The phases in a duplex or multiphase alloy are expected to develop different 

levels of residual stresses that would affect the work function. 

In this work the passivity has been evaluated by work function or corrosion 

current activity, using SKPFM and SVET respectively. It would be useful to 

connect these techniques, for example by investigating the work function 

distribution over the heat tints of welds and comparing it to the SVET studies 

done in Paper III. This could also be done on specimens after post-weld 

cleaning techniques to evaluate the efficacy of those methods based on the 

work function level.  
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