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Abstract 

Several factors during steel manufacture and fabrication can alter the passivity and 
corrosion behaviour of stainless steels. These include alloying, deformation, welding 
and heat treatments. 
In this work a combination of local techniques, such as Scanning Vibrating Electrode 
Technique (SVET) and Scanning Kelvin Probe Force Microscopy (SKPFM), and 
surface and microstructural analytical techniques, such as Electron Backscatter 
Diffraction (EBSD), Auger Electron Spectroscopy (AES) and X-ray Photoelectron 
Spectroscopy (XPS) is used to elucidate the influence of process variables on the 
corrosion resistance of stainless steels. Different manufacturing processes, such as 
casting, rolling or additive manufacturing (AM) (Paper V), fabrication processes, 
such as welding (Paper III) and deformation (Paper I and IV), and post-processing, 
such as heat and high pressure treatments (Paper II and V) and post-weld cleaning 
(Paper II) are studied.  

The results showed that deformation can have a major impact on microstructure but 
a smaller impact on corrosion. Plastic deformation decreased irreversibly the Volta 
potential, whereas elastic deformation did not have any permanent effect. The 
potential was dependent on composition, passive film thickness and deformation but 
not on the crystallographic orientation. Thermal oxides formed after welding were 
detrimental to corrosion resistance. SVET showed anodic activity on the weld areas 
with oxides where pitting initiated, explained by the interplay between the 
composition and the thickness of the oxides. Brushing combined with pickling was 
recommended for restoring the corrosion resistance. Long-term ageing of a Cu-
alloyed 2507 caused precipitation of Cu-rich ε particles which showed the lowest 
potential and were most severely pitted, plus nitrides which were the most noble. 
Intermetallic sigma phase observed in the AM 2507 after HIP heat treatment with 
slow cooling resulted in a decreased corrosion resistance. However, it was concluded 
that AM 2507 exhibits similar or even higher corrosion resistance than conventional 
2507 if appropriate post-processing parameters are applied. 
This thesis provides scientific insights to facilitate the correct manufacturing, 
fabrication and use of stainless steels.  
 
Keywords: Stainless steel, corrosion, passive film, thermal oxides, Volta potential, 
pickling, deformation, cold rolling, AM, SKPFM, SVET  
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Sammanfattning på svenska 

Flera faktorer under ståltillverkning och fabrikation kan förändra passivitet och 
korrosionsbeständighet hos rostfritt stål. Dessa inkluderar legering, deformation, 
svetsning och värmebehandlingar. 

I detta arbete har en kombination av lokala tekniker, såsom Scanning Vibrating 
Electrode Technique (SVET) och Scanning Kelvin Probe Force Microscopy 
(SKPFM), och yt- och mikrostruktur analytiska tekniker, såsom Electron Backscatter 
Diffraction (EBSD), Auger Electron Spectroscopy (AES) och X-ray Photoelectron 
Spectroscopy (XPS) använts för att studera processvariablernas påverkan på 
korrosionsbeständighet hos rostfritt stål. Olika tillverkningsprocesser, såsom 
gjutning, valsning eller additiv tillverkning (AM) (Papper V), produktionsprocesser, 
såsom svetsning (Papper III) och kall deformation (Papper I och IV), och 
efterbehandling, såsom värme- och tryckbehandlingar (HPHT) (Papper II och V) och 
svetsrengöring (Papper II) har undersökts.  

Resultaten visade att deformation kan ha en stor inverkan på mikrostruktur men en 
mindre påverkan på korrosionsegenskaper. Plastisk deformation minskade Volta 
potentialen irreversibelt, medan elastisk deformation inte hade någon permanent 
effekt. Potentialen var beroende av sammansättning, passiv filmtjocklek och 
deformation men inte på kristallografisk riktning. Termiska oxider som bildades efter 
svetsning minskade korrosionsbeständigheten. SVET visade anodisk aktivitet på 
svetsområdena med oxider där punktangrepp initierades; detta kan förklaras genom 
samverkan mellan sammansättningen och oxidtjockleken. Borstning i kombination 
med betning rekommenderades för att återställa korrosionsbeständigheten. 
Långtidsvärmebehandling av ett Cu-legerat 2507 orsakade utskiljning av Cu-rika ε 
partiklar som visade lägst potential och korroderade snabbast, plus nitrider som var 
ädlaste. Intermetalliska sigmafas i AM 2507 efter HPHT med långsam kylning 
resulterade i minskad korrosionsbeständighet. Slutsatsen var att AM 2507 uppvisar 
liknande eller bättre korrosionsbeständighet än konventionella 2507 om rätt 
efterbearbetningsparametrar tillämpas. 

Denna avhandling bidrar med vetenskapliga insikter som kan främja korrekt 
tillverkning, fabrikation och användning av rostfritt stål. 

Nyckelord: Rostfritt stål, korrosion, passiv film, termiska oxider, Volta potential, 
betning, deformation, kallvalsning, AM, SKPFM, SVET   
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Preface 

This thesis is focused on the use of a combination of microstructural characterisation 
and corrosion methods including localised techniques to elucidate the influence of 
process variables on the corrosion resistance of stainless steels. It is based on five 
publications listed below and referred to in the text of this thesis by Roman numerals.  

The main contents and methods of each publication are included in the schematic 
illustration in Figure 1. 
 

 

Figure 1 Overview of the contents of the publications presented in the thesis.  
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1 Introduction 

The manufacturing, processing and post-processing of stainless steels can involve 
high temperatures, oxidation, pressure, composition variations and stresses that can 
induce changes in the microstructure and corrosion properties. The corrosion 
resistance of stainless steels is dependent on the presence of a thin chromium rich 
passive film on the surface 1. Increased temperatures, changes in material 
composition, local deformation and other process variables can affect the stability 
and protectiveness of this passive film and thus the overall corrosion performance of 
stainless steels. Standard corrosion tests such as polarisation curves, critical pitting 
temperature determination, electrochemical impedance spectroscopy and long-term 
immersion tests are often employed to characterise and compare the corrosion 
resistance of stainless steels 2,3.  

These techniques give information on the corrosion performance in terms of pitting 
potential or temperature, corrosion rate, passivity, etc., based on the corrosion activity 
taking place on the total exposed steel surface in the electrolyte. However, the 
corrosion processes in stainless steels often occur locally because anodic/cathodic 
reactions are influenced by the presence of specific features in the microstructure, 
such as local compositional changes, presence of intermetallic phases, remaining 
high temperature oxides, porosity, stresses etc., and studying these requires the use 
of localised techniques.  

Through local investigation of the relationship between the microstructure 
characteristics, passive film properties and corrosion processes, the use of localised 
techniques can improve the understanding of the manufacturing, processing, and 
post-processing variables on corrosion phenomenon of stainless steels. 
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1.1 Aim of this thesis 
The aim of this thesis is to elucidate the influence of process variables on the 
corrosion resistance of stainless steels based on changes on the passive film, the 
microstructure, the local corrosion resistance, and the electrochemical response. The 
corrosion performance of stainless steels is investigated after different manufacturing 
processes, such as casting and rolling or additive manufacturing, fabrication 
processes, such as welding and cold deformation, and post-processing steps, such as 
heat treatments, high pressure heat treatments and post-weld cleaning procedures.  

Techniques with good lateral resolution, such as Scanning Vibrating Electrode 
Technique (SVET), Scanning Kelvin Probe Force Microscopy (SKP/SKPFM), 
Electron Backscatter Diffraction (EBSD), Auger Electron Spectroscopy (AES) and 
X-ray Photoelectron Spectroscopy (XPS), are used to characterise the properties of 
the passive film, the electrochemical response and the microstructure of stainless steel 
with focus on film thickness and composition, local electrochemical activity, Volta 
potential, crystallographic orientation and local misorientation.  

This thesis aims to provide answers to the following research questions:  

• What is the influence of composition, crystallographic structure and 
orientation on the passive film and corrosion resistance? 

• Can the local techniques help the understanding of the effect of precipitated 
secondary phases on corrosion resistance? 

• What is the effect of cold deformation and rolling on the microstructure and 
corrosion resistance of stainless steels? 

• How harmful are thermal oxides from welding and how should they be 
removed?  

• What is it the effect of additive manufacturing and HIP post-processes on 
the microstructure and corrosion resistance of stainless steels?  

• How can local techniques help us to understand and predict corrosion 
resistance of stainless steels?  

 

This doctoral thesis is an extension of the work included in the Licentiate Thesis “Use 
of local electrochemical techniques for corrosion studies of stainless steels” 
submitted by the author and published in June 2016 4.  
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1.2 Relation to the UN Sustainable Development Goals 
In 2015 the United Nations (UN) set 17 Sustainable Development Goals to be 
accomplished by 2030 5. The goals are crucial for a more sustainable, safer, and 
prosperous future for this planet, and include climate change mitigation, development 
of alternative energy sources and protection of ecosystems. The achievement of these 
goals is the responsibility of everyone and requires a close collaboration between 
research and industry.  

This thesis contributes to the following goals:  

Goal 6: Ensure clean water and sanitation 

The use of stainless steels in water systems is increasing thanks to the higher 
corrosion resistance and longer durability of stainless steels compared to the materials 
more often used such as mild steel and copper. An increased knowledge of corrosion 
resistance of stainless steels and the effect of processing such as deformation or 
removal of heat tints, allows a better material selection for long durability.  

Goal 7: Affordable and clean energy.  

Stainless steels are used in many applications for clean energy production. Often, 
components with complex geometries are needed in energy production such as for 
windmills. Additive manufacturing (AM) is a potential method to produce these 
components. This thesis contributes to an increased and safe use of AM stainless 
steels by investigating the effect of printing and post-processing parameters on its 
corrosion resistance.  

Goal 9: Build resilient infrastructure, promote sustainable industrialization and 
foster innovation  

Thanks to their excellent corrosion resistance and high recyclability, stainless steels 
find application in sustainable infrastructure and industrial processes. An 
understanding of the link between microstructure, alloying and corrosion resistance 
contributes to the development of new steel grades to fulfil the requirements of new 
applications. 

Goal 12: Ensure sustainable consumption and production patterns  

Stainless steels have a 100% recyclability, and their excellent properties and long 
durability makes them a good choice for a more sustainable future consumption.  
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2 Stainless steels 

Stainless steels are often described as the primary industrial constructional material 
found in almost all manufacturing processes 6. They revolutionised the modern 
industry since they were developed around 100 years ago as a “rustless” steel thanks 
to the addition of chromium in molten iron. Today they are used in practically every 
industrial and manufacturing process from automotive, infrastructure, nuclear 
energy, aerospace to cookware and healthcare 1,6. The success of stainless steels is 
due to their excellent corrosion resistance at low and high temperatures combined 
with good mechanical properties, formability, and weldability. There are well over 
100 different grades of stainless steel in the market. The differences in composition 
and microstructure between them define the final corrosion and mechanical 
properties of the stainless steels. Other factors influencing the final corrosion 
resistance are, for example, changes in the microstructure and passive film properties 
due to increased temperature, oxidation, and introduction of stresses during the 
manufacturing, processing and post-processing of stainless steels. In this chapter, the 
different stainless steel categories and the role of alloying elements are presented.  

2.1 Stainless steel categories 
The microstructure of stainless steels has a significant impact on the final corrosion 
and mechanical properties of stainless steels. Traditionally, stainless steels are 
categorised in four groups depending on their microstructure: austenitic, ferritic, 
duplex and martensitic 6,7. In this work, austenitic grades have been investigated in 
Paper I and III, and duplex grades in Paper II, III, IV and V.  

2.1.1 Austenitic stainless steels 

The austenitic grades are the most common category of stainless steel. They are 
alloyed with nickel to ensure a face-centred cubic (FCC) crystal structure (Figure 2). 
They exhibit good corrosion resistance, formability and weldability. They are non-
magnetic. However, cold deformation due to cold working can induce martensite 
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transformation which makes them magnetic but at the same time increase their 
strength. They are grouped as Cr-Ni grades, Cr-Ni-Mo grades, Cr-Mn grades, high 
temperature austenitic grades and high-performance austenitic grades.  

The Cr-Ni grade 304 (UNS S30400/EN 1.4301) with 18 wt.% Cr and 8 wt.% Ni, and 
the Cr-Ni-Mo 316 (UNS 31600/EN 1.4401, included in Paper III) with 18 wt.% Cr, 
10 wt.% Ni and 24 wt.% Mo are the most commonly used austenitic grades.  

Nitrogen is added in some Cr-Ni and Cr-Ni-Mo grades to increase strength. Titanium 
and niobium are added for enhanced mechanical properties at high temperature and 
to combine with carbon to reduce susceptibility to intergranular corrosion.  

The grade 301LN (UNS S30153/EN 1.4318) investigated in Paper I is denoted LN 
as it has a higher nitrogen content and lower carbon content compared to similar Cr-
Ni grades to increase strength and decrease the sensitivity to chromium carbide 
precipitation at high temperatures.  

Cr-Ni-Mo grades exhibit a higher corrosion resistance in acids thanks to the addition 
of molybdenum (2-3 wt.%). Cr-Mn grades, also known as 200-series, have a lower 
nickel content, since nickel has been partially replaced with manganese and nitrogen 
to ensure the FCC crystal structure. High temperature austenitic grades have typical 
compositions in the range 17-25 wt.% Cr, 8-20 wt.% Ni and no Mo and exhibit low 
oxidation at high temperatures. Finally, high performance austenitic grades, such as 
254 SMO®, are used in very aggressive environments and have typical compositions 
in the range 17-25 wt.% Cr, 14-25 wt.% Ni and 3-7 wt.% Mo 6.  

2.1.2 Ferritic stainless steels 

Compared to austenitic stainless steels, ferritic stainless steels do not contain or have 
low levels of nickel but contain 11.2-25 wt% Cr 6. Molybdenum is found in some 
grades for achieving higher corrosion resistance. Ferritic stainless steels have a body 
centered cubic (BCC) crystal structure (Figure 2), are magnetic and on average have 
lower corrosion resistance but higher strength than the standard austenitic grades. 

 
Figure 2 FCC and BCC lattice system for austenite and ferrite phase respectively.  
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2.1.3 Martensitic stainless steels 

Martensitic steels, with a magnetic body-centered tetragonal (BCT) structure are not 
as common as the other stainless steel types. They have a higher content of carbon, 
0.1-1 wt.%, which gives them better strength and machinability properties than the 
other stainless steel categories. However, they have a lower corrosion resistance and 
poor weldability 6. Precipitation Hardening (PH) steels are considered as martensitic 
or semi-austenitic. They have an austenitic structure after annealing, but a martensitic 
structure after hardening, a transformation that leads to an improvement of their 
mechanical properties such as strength and hardness. They are higher alloyed in 
nickel than martensitic stainless steels and can contain copper, aluminium, 
molybdenum, titanium and niobium.  

2.1.4 Duplex stainless steels 

Duplex stainless steels have a dual phase microstructure with ferrite and austenite 
with a phase ratio between 50/50 - 40/60 that gives them many of the beneficial 
properties of the austenitic and ferritic stainless steels. They are categorised in four 
groups depending on their alloying content: lean duplex, standard duplex, super 
duplex and hyper duplex. Compared to the austenitic grades, duplex grades have 
higher chromium content (20.1 – 25.4 wt.%) and lower nickel content (1.4 – 7 wt.%). 
Nitrogen and molybdenum (0.3 – 5 wt.%) are added to stabilise the phase balance 
and increase the corrosion resistance. Manganese, as an austenite stabiliser, is used 
in some grades to replace part of the nickel content and to enhance the solubility of 
nitrogen 6. This is the case for the lean duplex LDX 2101 (UNS S32101/EN 1.4162) 
investigated in Paper IV, having 21.5 wt.% Cr, 5 wt.% Mn and 1.5 wt.% Ni and a 
corrosion resistance similar to the austenitic grade 316L.  

The super-duplex stainless steel 2507 (UNS S32750/EN 1.4410) is investigated in 
terms of corrosion resistance, composition and microstructure in Paper II, III and V 
in this work. It is the most widely used super duplex stainless steel, found in 
applications demanding excellent mechanical strength and corrosion resistance.  

2.2 The effect of alloying elements  
As described in section 2.1, the properties and microstructure of the different stainless 
steel grades are influenced by the content of the different alloying elements. Stainless 
steels are iron-base alloys and their main alloying elements are chromium, nickel, 
molybdenum, manganese, nitrogen, and silicon 6.  
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2.2.1 Chromium (Cr) 

The most important element in stainless steels in respect to corrosion resistance is 
chromium. Chromium, when present at levels of 10.5 wt.% or higher, forms an oxide 
film, also known as the “passive film”, on the steel surface. This has a thickness of 
1-3 nm and protects the steel against oxidation 3,8,9. The oxide instantaneously 
reforms when damaged in an oxygen-containing environment 6,10–13. In high 
temperature environments chromium also improves oxidation resistance. Besides 
improving the overall corrosion resistance, chromium is a ferrite stabilizer 2,14. At 
high levels, chromium can detrimentally decrease the formability of the steel and 
promote the precipitation of unfavourable intermetallic phases such as sigma phase, 
chi phase and nitrides 15.  

2.2.2 Molybdenum (Mo) 

Molybdenum, usually added below 6 wt.%, promotes ferrite formation and increases 
local and uniform corrosion resistance, specifically in acidic and chloride containing 
environments 15–17. It improves mechanical strength but at high levels increases the 
risk of secondary phase formation such as sigma and chi phase.  

2.2.3 Nickel (Ni) 

Nickel is used in stainless steels to stabilise the austenite in the microstructure. In 
austenitic grades it is added up to 25 wt.% while it is almost absent in ferritic stainless 
steels 18. In duplex stainless steels nickel is added to balance the ferrite/austenite ratio. 
Filler materials for welding duplex stainless steels are over-alloyed with nickel to 
ensure an appropriate phase balance after solidification. This is the case in Paper III 
for the GTAW welded joint 2507 (7 wt.% Ni) with filler material 2509 (9 wt.% Ni) 
7,18,19. In terms of mechanical properties, nickel improves impact toughness and 
ductility 20. As the nickel price has been high and volatile during the last years, it is 
of interest to reduce its content and substitute it for other elements such as manganese, 
nitrogen or copper. In Paper II the effect of copper on the corrosion resistance and 
microstructure of heat treated duplex grade 2507 is reported.  

2.2.4 Nitrogen (N) 

Nitrogen is a very strong austenite stabiliser that improves the mechanical strength. 
It is used in austenitic and duplex grades, and at a higher level in filler materials due 
to its fast diffusion that boosts austenite reformation after welding 18,19,21. It enhances 
local corrosion resistance, particularly when combined with molybdenum 22,23.  
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At high temperatures nitrogen can prompt the precipitation of chromium nitrides 
which have a detrimental effect on the corrosion and mechanical properties 24–26.  

2.2.5 Manganese (Mn) 

Manganese is used in duplex and austenitic stainless steels to increase the solubility 
of nitrogen, and thus to stabilise the austenite phase. It can also reduce the risk of 
nitride precipitation as it improves the solubility of nitrogen at high temperatures. It 
is an austenite stabiliser that can replace some nickel content in the steel, as for the 
lean duplex grades 10. In terms of mechanical properties, manganese is used to 
improve hot ductility.  

2.2.6 Copper (Cu) 

Copper promotes the stabilisation of austenite and improve unform corrosion 
resistance in reducing acids 27–32. Copper decreases the precipitation of sigma phase 
33 and the martensite start temperature 32,34,35 but slightly promotes precipitation of 
nitrides detrimental for local corrosion resistance, as investigated in Paper II. Copper 
precipitates as epsilon-Cu (ε) phase in the ferritic phase when added at high levels 
33,36,37. ε-Cu phase is considered to have a detrimental effect on the local corrosion 
resistance as pits may nucleate in the ferrite phase where ε-Cu phase is found 36.  

The influence of copper on the corrosion resistance and microstructure of duplex 
stainless steel 2507 is extensively discussed in Paper II. 

2.2.7 Tungsten (W), Vanadium (V), Sulphur (S) and Silicon 
(Si) 

Other elements added to enhance the properties of stainless steel are tungsten, silicon, 
titanium and carbon 6,18. Tungsten is commonly found as an impurity in stainless 
steels but in some cases specifically added, as a partial replacement for Mo, for 
improving pitting corrosion resistance, as it is for the super duplex grade UNS 
S32760. Vanadium improves toughness and hardness in martensitic stainless steels 
by the formation of vanadium carbides. Silicon is a ferrite stabiliser and improves 
resistance to oxidation at high temperatures and mechanical strength. Sulphur is 
added in some grades to increase machinability; however, it can decrease corrosion 
resistance and weldability.  
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2.2.8 Effect of the alloying elements on the microstructure 

The Schaeffler DeLong diagram (Figure 3) shows the effect of the alloying elements 
on the phases in the microstructure and divides elements into austenite and ferrite 
stabilizers. It was developed for predicting non-equilibrium microstructures after 
welding and rapid cooling but also provides a reasonable indication of the structure 
of annealed material. It is based on the nickel and chromium equivalent equations 38:  

Nickel equivalent = %Ni + 0.5 x %Mn + 0.5 x %Cu + 30 x (%C + %N) 

Chromium equivalent = %Cr + %Mo + 1.5 x %Si + 0.5 x %Nb +2 x %Ti 

 

 
Figure 3 Schaeffler DeLong diagram showing the effect of alloying elements on the phases 
in the microstructure (modified from 38).  

2.3 Phase transformations in stainless steels  
During the solidification process of stainless steels, dendrites are formed and their 
crystallographic structure may be FCC (austenite) or BCC (ferrite) depending on the 
chemical composition. In some cases, a dual phase microstructure is obtained after 
solidification which requires an annealing process at 1000-1200 °C to obtain the 
desired single phase microstructure 6.  

Ferritic stainless steel have a BCC solidification and the annealing process is 
performed at lower temperature, 750-1000 °C 6.  
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The solidification process of duplex stainless steels is dependent on the chemical 
composition and the amount of ferrite and austenite stabilisers. Initially duplex 
stainless steels have a ferritic structure in which during cooling the austenite phase 
precipitates according to the solid-state reaction α -> α + ɣ, where α is ferrite and ɣ 
austenite. The austenite precipitates along grain boundaries of the ferrite. Annealing 
is performed between 950-1120 °C to obtain the correct phase fraction 6.  

For martensitic stainless steels there is a transformation of austenite to martensite 
during quenching when the temperature is below the martensite formation 
temperature, denoted as Ms 

39. There exist several empirical equations that calculate 
the Ms temperature related to the chemical composition of the alloy. The most 
commonly used is from Eichelman and Hull 39

.  

Ms (°C) = 1302 – 42(%Cr) – 61(%Ni) – 33(%Mn) – 28(%Si) – 1667(%[C + N]) 

Martensite can also be formed when austenite is deformed in duplex stainless steels, 
denoted as strain-induced martensite or deformation martensite. The stability of 
austenite is controlled by the stacking fault energy (SFE), defined by the chemical 
composition of the stainless steel. SFE can be calculated using the Schramm and Reed 
40 equation, where a lower SFE favours martensite formation 41.  

SFE (mJ.m-2) = -53 + 6.2(%Ni) + 0.7(%Cr) + 3.2(%Mn) + 9.3(%Mo) 

Plastic deformation introduces energy to the metal which can increase the martensite 
formation temperature. This can be estimated by applying the Md30 equation, 
developed by Nohara 6, which predicts the temperature at which 30% deformation 
causes 50% of austenite to be transformed into martensite.  

Md30 (°C) = 551 – 462(%C+%N) – 9.2(%Si) – 8.1(%Mn) – 13.7(%Cr) – 29(%Ni+%Cu) 
– 18.5(%Mo) – 68(%Nb) – 1.42(GS-8) 

where the GS is the ASTM grain size number. 

In Paper IV the effect of cold deformation on the microstructure and corrosion 
properties of LDX 2101 is evaluated.  

2.3.1 Intermetallic phases 

Intermetallic phases, such as sigma phase and chi phase, can precipitate in stainless 
steels in the temperature range of 600-1000 °C. Intermetallic phases can either form 
during the cooling process of stainless steels or during in-service application at high 
temperature. Due to their high chromium content, intermetallic phases decrease the 
corrosion resistance of stainless steels and increase brittleness. Highly alloyed 
stainless steels are most sensitive to intermetallic phase formation; however, the 
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intermetallic phases are often dissolved during the annealing process. Austenitic 
steels having a lower amount of chromium are less susceptible to form intermetallic 
phases 6.  

The effect of sigma phase on duplex stainless steel 2507 is elucidated in Paper II and 
Paper V.  

2.3.2 Nitride precipitation 

Due the low solubility of nitrogen in the ferritic phase, nitrogen can be trapped in this 
phase and form chromium nitrides during cooling or heat treatment at the temperature 
range of 550-800 °C 6. Because of their high content of chromium, chromium nitrides 
can deplete the surrounding matrix in chromium and decrease local corrosion 
resistance and toughness. In Paper II the effect of chromium nitrides on the corrosion 
resistance of duplex stainless steels alloyed with copper is presented.  



13 

 

 

 

 

3 Stainless steel production, fabrication 
and post-processing 

 

This chapter includes a description of the production process for stainless steels, 
conventional and through additive manufacturing, the welding process and post-
processing operations.  

3.1 Conventional production of stainless steels  
Stainless steels are made of around 85-90% recycled scrap where the rest is alloying 
elements in form of virgin material 6. Firstly the raw materials are melted together at 
high temperature, reaching 1800 °C, in an electric arc furnace 6. Secondly, elements 
such as sulphur, carbon and nitrogen are adjusted in a steel converter and alloying 
elements are added to obtain the desired composition. The steel is then cast, either as 
ingots or by continuous casting in which the molten material is converted into slabs. 
Cast stainless steel products are formed by pouring the molten steel into moulds of 
specific shapes.  

The next step is the forming process. The slabs go into the flat hot rolling mills in 
which the cast microstructure is deformed and the grains recrystallise at around 1200 
°C 6. The following step is annealing at controlled temperature and cooling rate where 
the stresses in the microstructure are relieved, the material is softened, intermetallic 
phases are dissolved, and the microstructure is recrystallised. Due to the high 
temperature the surface of the slabs develops an oxide scale rich with iron and 
chromium. To remove this scale the slabs are treated in a pickling line where the 
material is immersed in a mixed acid bath at specific concentration and temperature.  

Cold rolling is performed at low temperature to decrease the final thickness of the 
strips. An annealing and pickling process is performed after cold rolling to recover 
and recrystallise the microstructure. An electrolytic pickling process is often used 



14 

after cold rolling. A simplified schematic representation of the stainless steel 
production process is given in Figure 4. 

 
Figure 4 A simplified schematic representation of the stainless steel production process 
from raw material to cold rolling.  

3.2 Additive manufacturing of stainless steels 
Additive manufacturing (AM) is the process in which a material with a defined 
geometry is made by repeated layer deposition using data in a 3D model. AM allows 
production of objects on-demand with complex geometries without the need for 
machining. It also allows control and tuning of the microstructure by temperature 
control during printing, which can result into target material with improved 
mechanical properties. However, the number of metals that can be printed is very 
limited. The continuous molten metal layer deposition during printing cause cyclic 
phase transformations, heat affected zones and rapid solidification similar to that 
observed in welded stainless steels. These processes can influence the microstructure 
by creating irregular grains, porosity and cracks that may have a detrimental effect 
on the final material properties 42. However, additive manufacturing can give a finer 
microstructure compared to conventionally produced stainless steel and thus, exhibit 
higher mechanical strength. 

Metal powder is used in almost all the commercial AM processes. The size, geometry, 
surface texture, chemical composition and flowability of the powder are important 
factors affecting the final properties of the printed part. There are different 
commercialized processes for metal AM in the market, of which the most common 
ones are direct energy deposition (DED) and powder bed fusion (PBF) 42–45.  
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3.2.1 Powder bed systems  

Powder bed fusion (PBF) systems, illustrated in Figure 5, use a powder deposition 
method in which a powder layer, typically 0.1 mm, is distributed over a substrate 
plate and a 2D slice is melted together before a new layer is deposited and melted 44–

48. Commercial names for PBF systems are Direct Metal Laser Sintering (DMLS), 
Selective Laser Melting (SLM) and Electron Beam Melting (EBM). EBM systems 
melt the powder by an electron beam in full vacuum while the other methods use 
laser (LPBF systems). In EPBF systems such as EBM the powder bed substrate is 
preheated to 80% of the melting temperature. This decreases the thermal gradients 
originated during printing and the thermal stresses 42. The microstructure of LPBF 
systems, such as DMLS and SLM, experience higher thermal gradients as the powder 
bed substrate is not preheated 48.  

In Paper V the corrosion resistance and microstructure of the AM super duplex 2507 
produced by laser powder bed fusion is characterised.  

 
Figure 5 Schematic representation of PBF system.  

3.2.2 Direct energy deposition 

In Direct Energy Deposition (DED), also denoted as Laser Metal Deposition (LMD), 
the powder is automatically and precisely deposited on the build surface and 
instantaneously melted by the laser beam, Figure 6. DED can be used for repairing 
parts as the powder is deposited directly on the part 42,43,45. DED also exists as 
wirefeed systems where a wire is melted by laser. This process is faster compared to 
the powder DED systems.  

PBF systems are better at building small parts with complex geometries with better 
surface finish compared to DED systems 45. DED systems are faster and can produce 
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parts with higher density and mixed composition but introduce higher residual 
stresses and give a poor surface finish 42,43. 

 
Figure 6 Schematic representation of DED process.  

3.3 Welding  
Welding of stainless steels is often required when building large structures, pipes, 
components or containers and two metal parts need to be joined together. During 
welding the metal parts are locally heated, melted together and solidified 7. The 
heating source can be either a laser beam, an electrical arc or current passing through 
the metal parts that creates a plasma. To reduce the oxidation of the weld joint during 
welding shielding gas is used. Welding can be performed autogenously or with 
addition of filler material. Duplex stainless steels are not recommended to be 
autogenously welded as this can result in an unbalanced phase fraction due to the 
solidification process that gives an almost fully ferritic structure. Thus, filler 
materials for duplex stainless steels have often a higher nickel content compared to 
the parent metal to boost austenite formation during cooling and thus obtain a similar 
ferrite/austenite ration to the parent metal. The most common processes for welding 
stainless steels are Metal Inert Gas (MIG), Tungsten Inter Gas (TIG) and Laser Beam 
Welding (LBW) 7,49,50.  

3.3.1 Gas Metal Arc Welding  

In the MIG process, also known as Gas Metal Arc Welding (GMAW) a plasma arc 
is created by a current passing between the welding pistol and the specimen, see 
Figure 7. The electrode is a solid wire of filler material that melts and deposits on the 
weld when it is passed through the welding pistol and makes contact with the plasma 
arc. Flux Cored Arc Welding (FCAW) is a similar procedure that uses a flux-filled 
rod instead of a solid wire.  
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Figure 7 Schematic representation of GMAW process.  

3.3.2 Gas Tungsten Arc Welding  

In the TIG process, also denoted Gas Tungsten Arc Welding (GTAW) the electrode 
is non-consumable and made of tungsten, see Figure 8. The TIG process can be used 
either for autogenous welding, without filler material, or with filler material added 
from the side.  

 
Figure 8 Schematic representation of GTAW process.  

In Paper III welded joints of austenitic stainless steel 316 and super duplex stainless 
steel 2507 after GTAW welding are investigated in terms of corrosion resistance and 
heat tints.  

3.4 Post-processing operations 
Stainless steels often require post treatments after fabrication to, for example, achieve 
a specific surface finish and microstructure, reduce the level of residual stresses and 
porosity and attain a certain mechanical strength level. Corrosion resistance is also 
dependant on the post-processing operations as often oxides or heat tints are present 
on the surface after fabrication that prevent the formation of the protective chromium 
passive film and can lead to a chromium depleted surface layer. In this section, the 
most common post-processing operations for stainless steels are described.  
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3.4.1 Heat treatments and Hot Isostatic Pressing  

Heat treatments can be performed for several reasons, such as to relieve residual 
stresses and thus reduce the risk of stress corrosion cracking and fatigue, or to 
recrystallise and dissolve unwanted phases. However, the interval of temperature 
where the heat treatment is effective is very limited and an incorrect temperature, 
time or cooling rate can lead to the formation of unwanted phases such as sigma phase 
and nitrides. 

The most common heat treatment is solution annealing which is performed between 
750-1200 °C 6. During annealing the material is softened and secondary phases are 
dissolved. Pickling is required after annealing to remove the oxide scale. Stress 
relieving is performed at lower temperatures than the annealing procedure and often 
does not require subsequent pickling.  

A common process used for removing printing defects and reducing porosity in 
additive manufactured stainless steels is Hot Isostatic Pressing (HIP) 42,45,51–53. 
During HIP the printed component is under simultaneous high pressure and high 
temperature in a gas atmosphere. The pressure is applied by the gas which gives a 
uniform pressure over the component. The HIP process improves fatigue and creep 
properties as it increases the density of the material 42,45,54,55. The temperature and the 
pressure used during HIP depend on the material to be processed, for stainless steels 
the temperature can be between 1000-1200 °C and the pressure around 100-200 MPa 
43,52–54. 

Besides reducing porosity by HIP, heat treatments are often required to obtain a 
specific microstructure and relieve thermal stresses generated during printing. High 
Pressure and Heat treatment (HPHT) is a combined one-system process in which HIP, 
stress relieving, and heat treatment are performed in one single cycle. It is followed 
by a Uniform Rapid Cooling (URC ®) which controls and decreases non-uniform 
grain growth and thermal gradients 52.  

In Paper V the effect of different HPHT parameters on the corrosion properties and 
microstructure of a super duplex stainless steel 2507 printed by LPBF is presented.  

3.4.2 Cleaning procedures and surface treatments 

With the aim of removing contamination, heat tints or obtaining a specific roughness 
different surface treatments are applied. They are categorised as mechanical 
treatments, such as shot peening, polishing, grinding, sand blasting and brushing, or 
chemical treatments, such as passivation, electropolishing and pickling 2,6.  
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Post-weld cleaning processes are required to remove thermal oxides created during 
welding, also known as heat tints or welding oxides, and thereby recover the 
corrosion resistance of the stainless steel. Thermal oxides are formed when the 
material is exposed at high temperature in an oxidising atmosphere as during welding 
and heat treatments 21,24,56–70. In contrast to the passive film in stainless steels, thermal 
oxides have a thickness of several micrometres and are rich in iron, chromium and 
manganese 56,57,60,61. Due to the thickness and high content of chromium, a chromium 
depleted region can be formed beneath the thermal oxides. The thickness and 
composition depend on the welding process, parameters used during welding, 
shielding gas and stainless steel base metal and filler material grade 62,67.  

Thermal oxides are often removed by a combination of mechanical and chemical 
processes 2,7. Polishing and brushing have a minor negative environmental effect 
compared to chemical processes but give a rougher surface and lower oxide removal 
efficiency. Pickling bath, pickling paste or electrolytic pickling are more efficient 
procedures to remove the heat tints and recover the corrosion resistance of stainless 
steels but have larger environmental and health concerns compared to the mechanical 
processes. For pickling baths, a mixed acid mixture of nitric acid (HNO3) and 
hydrofluoric acid (HF) is commonly used 7,21.  

In Paper III a detailed investigation of the effect of different post-weld cleaning 
procedures on GTAW 2507 and 316 is presented. 

Post-processing operations can also be applied on additive manufactured stainless 
steels to improve surface quality and remove thermally produced oxide layers from 
printing 43. Polishing methods include shot-peening, laser polishing and electrolytic 
polishing. Shot peening has traditionally been used for cast and wrought components 
to increase fatigue resistance by giving compressive stresses on the surface and 
reducing roughness 42.  

  



20 

  



21 

 

 

 

 

4 Corrosion and corrosion properties in 
stainless steels 

 

This chapter includes a description of the different types of corrosion and the main 
factors influencing the corrosion resistance of stainless steels.  

4.1 Corrosion of stainless steels  
Corrosion is defined as the degradation of a material caused by chemical or 
electrochemical reactions with the surrounding environment. It is estimated that the 
cost of corrosion is equivalent to 5% of the gross national product 71. Corrosion of 
metals is categorised into wet corrosion and high temperature corrosion.  

Even if stainless steels are used in a broad range of applications, they have limitations 
and can suffer from corrosion, which is determined by the steel type and 
aggressiveness of the environment. Stainless steels have a high corrosion resistance 
thanks to the presence of the thin, chromium rich, protective layer on the surface, also 
called the passive layer or passive film. The passive film has a thickness of 1-3 nm 
and it is composed of an outer layer of hydroxides and an inner layer of iron and 
chromium oxide in contact with the metallic substrate 10,12,13, see Figure 9. Chromium 
is present in the outer oxide layer as a Cr (III) oxy-hydroxide and in the inner layer 
as a Cr (III) oxide. The composition of the inner layer of the passive film may be 
affected by the structure and composition of steel under the passive film, and this can 
affect the properties of the film. For duplex grades nickel has been reported in the 
inner layer and Mo (IV) oxy-hydroxide in the outer layer 10,65,72. The thickness of the 
passive film is considered to be independent of the underlying phases present in the 
microstructure, ferrite and austenite. This is attributed to lateral transport in the 
passive film 73. In Paper II the composition and thickness of the passive film 2507 
duplex stainless steel are elucidated in terms of the effect of long heat treatment.  
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The passive film spontaneously self-heals when damaged if the metal is exposed in 
an oxidising environment. Thanks to the strong adhesion of the passive film to the 
metallic substrate the metal is protected from the surrounding environment.  

 
Figure 9 Schematic representation of the passive film in stainless steels.  

In some aggressive environments, e.g. hydrochloric acid, the passive film can be 
permanently damaged, resulting into corrosion of the underlying metal. The passive 
film can also be attacked locally, as in pitting corrosion and crevice corrosion. Alloy 
composition, features in the microstructure, surface defects, pH, temperature, 
component design, are some of the factors that can affect the corrosion process. 

The electrochemical process taking place in an electrolyte involves an anode where 
the metal oxidises and a cathode where the reduction reaction occurs.  

Anodic reaction:  Me (s) → Men+
(aq.) + n e-   

Cathodic reactions are often reduction of oxygen or hydrogen evolution:  

- for neutral or alkaline environments / high pH: 

½ O2+ H2O + 2 e-→ 2 (OH)-  

- acid environments / low pH: 

O2 + 4 H+ + 4 e- → 2 H2O  

- strongly reducing environments: 

2H++ 2 e-→ H2 

The most common corrosion types in stainless steels in wet environments are pitting 
corrosion, crevice corrosion, uniform corrosion, intergranular corrosion and stress 
corrosion cracking. In this chapter the three first processes, considered in the papers 
included in the thesis, are described.  
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4.1.1 Pitting corrosion  

Pitting is a localised form of corrosion attack that appears on the metal surface as 
discrete small holes. However, beneath the surface there may be larger cavities where 
pitting is propagating and penetrating the metal. Pits are initially difficult to detect 
due to the small size and the negligible associated weight loss. Pitting is often 
associated with halide-containing environments, such as seawater and process 
solutions containing chlorides 2,6,71. A high temperature, high concentration of 
chlorides and low pH will make the medium more aggressive and the metal more 
susceptible to pitting corrosion.  

The mechanism explaining pitting initiation and propagation is still a subject under 
discussion and not fully understood 74–76. Several models are proposed to explain 
pitting and passivity breakdown including penetration of aggressive anions into the 
film, oxide film rupture and adsorption and thinning 77. In the penetration model, 
suggested by Hoar et al. it is considered that the oxide film allows the penetration of 
ions that reach the interface between the oxide film and the metal. It is suggested that 
the penetration occurs due to strong attractive electric field of the oxide film or to the 
positive charge on the surface of the oxide film. In the film-breaking mechanism, 
pitting initiates by a breakdown of the passive film enhanced by the interaction of the 
halide ions in the electrolyte. The adsorption mechanism considers that there is 
adsorption of halide ions in the passive film that enhances the transfer of cations from 
the passive film to the electrolyte resulting into a thinning of the passive film, and 
thus, a surface more susceptible to pit nucleation.  

 
Figure 10 Schematic representation of the pit growth mechanism  

During pit propagation it is proposed that the process continues as a galvanic cell 
where the exposed metal acts as an anode and the surrounding surface acts as a 
cathode, see Figure 10. Due to the large cathode/anode ratio, the anodic reaction 
causes growth of the pit into the stainless steel at an increased rate. The chlorides 

react with chromium present in the stainless steel creating a soluble chromium 
chloride (CrCl2+):  
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Cr (steel) + 2 Cl- → CrCl2
+ + 3 e-    

By this process, the content of chromium decreases in the passive film and becomes 
less protective.  
The hydrolysis of chromium causes acidification of the electrolyte, which decreases 
the pH inside the pit and prevents the steel surface from repassivating 78,79.  

Dissolution and hydrolysis reactions:  
Cr (steel) → Cr3++ 3 e-    

Cr3++ 3 H2O → Cr (OH)3 (aq.) + 3 H+   

The anodic reaction during pitting is the metal dissolution which is driven by an 
oxidizing agent (oxygen or iron (III) ions). For instance, in the ASTM G48 method 
for critical pitting temperature (CPT) testing 80, presented in Paper III, FeCl3 is used 
as an oxidizing agent.  

4.1.2 Crevice corrosion  

Crevice corrosion occurs in confined spaces such as in lap joints, bolted connections 
or under surface deposits 3,8,9. As the electrolyte inside the crevice is stagnant, the 
mass transport of ions between the outside and inside is hindered leading to a 
depletion of oxygen and a decrease in pH inside the crevice area 81. By this process 
the passive film is weakened at the same time as chloride ions migrate into the crevice 
leading to a breakdown of the oxide film and an initiation of the corrosion attack.  

4.1.3 Uniform corrosion 

During uniform corrosion the passive film is destroyed, and multiple anodic and 
cathodic reactions occur simultaneously over the steel surface, leading to a large part 
of the surface being corroded. This type of corrosion results into a weight loss that 
increases at a constant rate and can be used for calculating the corrosion rate of the 
steel in a specific environment. Stainless steels suffer from uniform corrosion in 
acidic and basic media and are considered resistant to an environment if the corrosion 
rate is below 0.1 mm/year. A higher temperature will increase the aggressiveness of 
the medium, while the effect of solution concentration varies depending on the 
environment 2.  

Uniform corrosion tests by immersion in sulphuric acid, H2SO4, and sodium 
hydroxide, NaOH, were performed on AM 2507 and the results are presented in Paper 
V.  
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4.2 Metallurgical factors affecting corrosion resistance 

of stainless steels  

4.2.1 Alloying elements  

As discussed in Chapter 2, the alloying elements influence the corrosion properties 
and the microstructure of stainless steels. The influence of alloying elements on 
pitting corrosion can be empirically estimated by a Pitting Resistance Equivalent 
Number, known as PREN and frequently calculated by the following equation 2: 

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

PREN considers the influence of Cr, Mo and N on the local corrosion resistance of 
stainless steels. The higher the PREN the better the pitting corrosion resistance 
against chloride. However, PREN should be only used as a corrosion resistance 
indicator to compare different stainless steel grades as it can differ from the material 
behaviour in real service environments. The PREN of the materials investigated is 
calculated based on their nominal compositions and given in Table 1 in Chapter 5.  

For a more accurate ranking of materials, standard electrochemical tests for 
measuring Critical Pitting Temperature (CPT) such as ASTM G150 82 and ASTM 
G48 80 should be used. The methods are described in Chapter 5 under experimental 
methods.  

4.2.2 Mechanical deformation 

Passive film properties and corrosion resistance of stainless steels can be modified 
by mechanical factors such as deformation as discussed in Paper I and Paper IV for 
the stainless steel grades 301LN and LDX 2101 respectively. 

4.2.2.1 Effect of deformation on the properties of the passive film  

It has been reported that the passive film thickness can decrease when the metal is 
under load, with a higher effect for tensile stresses than compressive stresses 83,84. 
The electrochemical properties of the passive film, such as conductivity and 
capacitance, have been reported to increase when the steel is under elastic or plastic 
load 84–86, attributed to the increase of oxygen vacancies and dislocations after 
breakdown of the passive film, and thus to a higher amount of acceptors and donors 
in the oxide film 84,87–89. The increased amount of dislocations after deformation can 
also decrease the repassivation ability of the oxide 90–93. Also, in some austenitic 
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stainless steel grades, plastic deformation can induce martensite transformation 
which may cause rupture of the passive film 92.  

4.2.2.2 Effect of deformation on pitting corrosion  

Several studies have focused on the effect of deformation on pitting corrosion 41,94–

97. It has been reported in some studies on stainless steels that the Critical Pitting 
Temperature (CPT) decreases when the material is deformed 94,96,98. 

Composition and crystallographic structure of the steel can influence the effect of 
deformation on the corrosion resistance of the steel. It appears that low alloyed duplex 
and austenitic grades are more susceptible to a decrease in corrosion resistance than 
the higher alloyed grades due to deformation. This has been attributed to the 
susceptibility of some alloys to suffer changes in the microstructure due to 
deformation that make them more prone to pitting. These can be mechanical 
twinning, austenite martensite formation and increase of dislocations and defects that 
can lead to passive film rupture and thus, pitting 92,96,99.  

However, in spite of the fact that martensite formation in stainless steels may decrease 
the corrosion resistance, some specific stainless steel grades, such as Forta FDX 25® 
(UNS S82012) and Forta FDX 27® (UNS S82031) are specifically developed to 
improve mechanical properties of the steel based on the martensite formation 100,101. 
For these grades, Schönning et al. stated that the martensite transformation in Forta 
FDX grades did not decrease the corrosion resistance of the studied materials 102.  

4.2.2.3 Effect of deformation on the Volta potential  

The Volta potential, used for describing the electrochemical reactivity of a metal 
surface, is measured by Scanning Kelvin Probe Force Microscopy (SKPFM) and 
described more in detail in Chapter 5 in this thesis.  

A decrease in the Volta potential on deformed stainless steels has been reported in 
several works 103–105 and attributed to an increase in dislocations and number of 
cations vacancies in the passive film 103,104. The influence on the Volta potential 
seems to depend on the type of deformation: it has been reported that elastic 
deformation gives an increase of Volta potential and plastic deformation decreases it 
105,106.  

The effect of deformation on the passive film, pitting corrosion resistance and Volta 
potential of the austenitic grade 301LN and the lean duplex grade LDX 2101 is 
presented in Paper I and Paper IV.  
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4.2.3 Intermetallic phases and precipitates 

As described in the section 2.3 in this thesis, the most common precipitates in 
stainless steels are the intermetallic sigma phase and nitrides. The high content of 
chromium and molybdenum in sigma phase results in a depletion of those elements 
in the surrounding of the phase, making it more prone to local corrosion 107–110.  

The formation of chromium nitrides can also lead to depletion of chromium in the 
surrounding metallic matrix This has been reported in numerous works to cause 
decrease in pitting corrosion resistance 110–112.  

In Paper II the effect of intermetallic phases on a heat-treated super duplex stainless 
steel 2507 is reported.  

4.2.4 AM process variables  

Porosity is commonly found in the structure of additively manufactured metals. As 
described in Chapter 3, porosity is decreased by the post-processing operations HIP 
or HPHT. However, any remaining pores may have an effect on the corrosion 
properties of the printed component 43,113,114. From a corrosion perspective, pores can 
be considered as pre-pits or crevices where the electrolyte is stagnant. The same type 
of reactions described in 4.1.1 can cause the environment in the pore to develop an 
increased concentration of chloride ions and protons, leading to breakdown of the 
passive film and an initiation of pitting 115,116.  

Surface topography affects the corrosion resistance of printed stainless steel parts. A 
smooth surface is considered to have better corrosion resistance than a rougher 
surface 117. A rough surface can have multiple small concave zones on the surface 
that promote stagnation of the electrolyte 43. For that reason, post-processing such as 
polishing or shot peening is often performed. 

Other process variables that could affect the corrosion resistance of the printed 
stainless steel components include solute segregation, oxides, heat tints, inclusions, 
grain directionality, refined grain size and residual stresses 43.  

In Paper V the corrosion resistance of AM 2507 in terms of pitting corrosion and the 
effect of printing and post-processing parameters is presented.  

4.2.5 Thermal oxides 

The decrease in corrosion resistance of stainless steel welded joints caused by surface 
weld oxides or heat tints has often been attributed to an underlying chromium 
depleted zone originated by the high content of chromium in the surface oxide 56,62,67. 
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However other works have not observed any such depletion and instead attributed 
detrimental effects to the evaporation and deposition of the alloying elements during 
welding 21,24,57,61. The corrosion processes in welded joints with thermal oxides is 
reported to be localised corrosion, pitting or crevice corrosion, and oxide dissolution. 
Pitting initiation has been noted to occur in areas with thick iron-rich oxides where 
local cavities are found and chloride ions are trapped 57,60,118. Dissolution of the 
thermal oxide is suggested to be a combined chemical and electrochemical process, 
where iron oxide dissolves chemically while chromium oxide dissolves 
electrochemically 66,70.  

The correlation between the corrosion resistance and the discoloration level of the 
heat tint has been discussed in several works 24,56–58,62,119. It is reported that the colour 
of the oxide is solely dependent on its thickness and cannot be corelated to the oxide 
composition or be used as an indicator of the corrosion resistance 57. Other authors 
have, however, reported that the thinner straw coloured oxide had high corrosion 
resistance comparable to the parent metal and that rose and dark blue coloured oxide 
had the lowest corrosion resistance 62.  

The effect of thermal oxides on corrosion resistance of duplex stainless steel weld 
joints is elucidated in Paper III. 

  



29 

 

 

 

 

5 Experimental methods 

In this chapter a description of the materials investigated, and the experimental 
techniques used is presented.  

5.1 Materials  
The materials investigated in this work are duplex and austenitic stainless steels. In 
Table 1 the designation (ID), chemical composition, PREN and corresponding Paper 
number for each material are found. In Table 2 welding parameters are shown. 

The super duplex stainless steel grade 2507 (UNS S32750) was investigated with 
different copper content (Paper II), after GTAW welding (Paper III) and after LPBF 
manufacturing (Paper IV). A lean duplex grade, LDX 2101® (UNS S32101) was 
investigated after cold rolling in Paper IV. 

For the 2507 used in Paper II, three laboratory heats (2 kg) of a 25Cr7Ni type super 
duplex stainless steel with 0, 2 and 4 wt.% Cu were manufactured. After casting, the 
specimens were hot and cold rolled to achieve a final thickness of 4 mm. The 
materials were then annealed at 1100 °C during 15 min followed by water quenching. 
In order to form close to equilibrium microstructures, small specimens were cut, 
encapsulated in argon filled glass tubes and heat treated at 800 °C for 6 months 
followed by water quenching.  

In Paper III 2507 was welded by GTAW process using 2509 as a filler material and 
argon as purging gas (8 l/min). Different compositions of shielding gas were used to 
evaluate the effect on the thermal oxides and corrosion properties, Ar, Ar+2%N2, 
Ar+2%N2+30%He. Various post-weld cleaning techniques were applied including 
brushing, brushing plus polishing and brushing plus pickling with pickling paste.  

The 2507 investigated in Paper V was produced by LPBF printing process using 
powder Sandvik Osprey® 2507 VIGA. Columns sized 125*30*30 mm were printed 
followed by three different post processing routes: (1) solution annealing and rapid 
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cooling to avoid formation of sigma phase, referred as AB+HT;(2) hot isostatic 
pressing and heat treatment at 150 MPa and 1075 °C for 2 hours with Uniform Rapid 
Cooling (URC)®* fast cooling (max 200 °C/min), referred as HPHT and (3) same 
HIP cycle as (2) but with slow cooling at 5 °C/min, referred as HPHT_SC. The post 
process (3) is not a common process in industry, but it was added to investigate the 
effect of a slow cooling on the microstructure and corrosion properties of AM 2507. 
Two references materials of cast and cold rolled 2507, REF and REF_CR 
respectively, were also included for comparison. The cast reference material, 2507 
REF (UNS J93404) was solution annealed and water quenched. 

In Paper IV a 5 mm thick plate of lean duplex steel LDX 2101® (UNS S32101) was 
investigated in the as-received condition (annealed) and after cold rolling with 
thickness reductions of 20% (LDX 2101-20%) and 40% (LDX 2101-40%) of the 
original thickness.  

The austenitic stainless steel grades included in this work are 301LN (UNS S30153) 
in Paper I and 316L (UNS S31603) in Paper III.  

A 3 mm plate of 301LN was used in Paper I for passive film and electrochemical 
potential investigations after cold deformation.  

In Paper III the 316L, thickness 5 mm, was investigated after GTAW welding using 
argon as purging gas (8 l/min) and after using different post-welding techniques 
including brushing, brushing plus polishing and brushing plus pickling with pickling 
paste.  
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Table 1 Chemical composition, designation (ID) and PREN of the alloys investigated in 
this work [wt.%].  

  

 

ID Paper C Si Mn Cr Ni Mo N Other PREN 

301LN 301LN I 0.029 0.43 1.27 17.60 6.55 0.17 0.14 - 20.4 

316L 316L III 0.026 0.49 1.81 17.10 10.00 2.04 0.05 - 24.6 

2507 2507 III 0.016 0.39 0.79 24.95 6.90 3.83 0.27 - 41.9 

2509 2509 III 0.020 0.35 0.50 25.00 9.50 4.00 0.25 - 42.2 

LDX 2101 

LDX 2101-0% 

LDX 2101-20% 

LDX 2101-40% 

 

IV 0.027 0.86 4.94 21.52 1.60 0.35 0.22 - 26.2 

Osprey® 2507  
VIGA - V 0.030 0.80 1.20 25.00 7.00 4.00 0.30  43.0 

2507 AB+HT AB+HT V 0.020 0.33 0.43 25.28 6.55 3.85 0.30 - 42.8 

2507 HPHT HPHT V 0.021 0.33 0.43 25.34 6.51 3.85 0.30 - 42.8 

2507 HPHT_SC HPHT_SC V 0.021 0.33 0.43 25.30 6.51 3.87 0.29 - 42.8 

2507 REF CAST REF V 0.023 0.78 0.54 25.06 6.68 4.29 0.27 - 43.5 

2507 REF_CR REF_CR V 0.020 0.31 0.77 25.07 6.96 3.79 0.30 - 42.4 

2507-0Cu 0Cu II 0.018 0.25 0.79 25.00 6.91 3.74 0.30 Cu 0.27 42.1 

2507-2Cu 2Cu II 0.017 0.24 0.77 24.30 6.74 3.64 0.28 Cu 1.90 40.8 

2507-4Cu 4Cu II 0.019 0.25 0.74 24.50 6.86 3.73 0.25 Cu 3.82 40.8 

 

Table 2 Welding parameters used in Paper II. 

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 
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5.2 Analytical techniques  

5.2.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) was used for microstructure investigations, in 
particular for identifying phases in the microstructure, their distribution, and 
composition (Paper II). It has also been used for identifying the presence of porosity 
in AM stainless steels (Paper V), and for correlating the local misorientation and grain 
orientation to different levels of Volta potential (Paper IV and V).  

In the SEM the specimen surface is hit by a beam of electrons generated by a high 
voltage electron beam 120. On hitting the specimen surface the electrons interact with 
atoms at the surface generating a new emission of electrons that will be collected by 
different detectors depending on their type, as shown in Figure 11. 

 
Figure 11 Interaction volume and type of signals emitted. Figure adapted from 121.  

Topography images are obtained using secondary electrons (SE), which are low-
energy electrons that originate from the top nanometres of the specimen surface and 
are dependent on the angle of the beam.  
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Information on the atomic number of the different regions on the surface is displayed 
using backscattered electrons (BSE) which 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 will increase with atomic number, thus BSE images gives 
information on the atomic number over the specimen surface where brighter regions 
have in average higher atomic number.  

Chemical composition analysis is performed using 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 return to a lower energy state and generate X-ray 
photons with an energy and wavelength specific to the parent element. The EDS 
detector measures the energy of the X-rays giving a quantitative analysis of the 
elemental composition of the metal surface with a depth of 1-2 µm. WDS, with a 
higher accuracy than EDS and often used for light elements, distinguishes the X-rays 
depending on their wavelength using special crystals to diffract the radiated photons.  

Electron Backscatter Diffraction (EBSD) is another SEM technique used to map the 
crystallographic phases in the microstructure and determine phase parameters such 
as grain size, orientation, composition (combined with EDS) and local 
misorientation. In EBSD the sample is titled 70 ° and the interaction with a stationary 
electron beam results into diffracted electrons from the metal surface that are detected 
on a fluorescent screen in the detector. Each diffraction pattern is characteristic of a 
crystal structure and orientation of the grains in the microstructure.  

EBSD was used in Paper IV and V for duplex stainless steels, LDX 2101 and 2507 
respectively. The aim was to identify the phases in the microstructure, determine the 
crystal orientation and provide information on local strain by local misorientation. 
The notation used when dealing with directions in crystals are [u v w] and (h k l) for 
planes. In cubic systems that crystal direction [u v w] is parallel to the normal to the 
plane (u v w). When all the equivalent directions and planes are included the notations 
<u v w> and {h k l} are used. 

In Figure 12 a schematic representation of the atomic arrangement of austenite (FCC) 
and ferrite (BCC) and the placement of the main orientations is presented. The FCC 
has four closed packed planes {1 1 1} and each one has three [1 1 0] closed pack 
directions. The BCC has six closed pack planes {1 1 0} and each one has four [1 1 1] 
closed pack directions. In this work a JEOL JSM 7000F and a ZEISS Gemini 450 
were used equipped with EDS, EBSD and WDS spectrometers with acceleration 
voltages of 20 kV and 5-15 kV.  
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Figure 12 Schematic representation of the atomic arrangement of FCC and BCC phases 
for [001], [101] and [111] orientations and their placement on the surface.  

5.2.2 Transmission Electron Microscopy (TEM) 

TEM was used to investigate in detail the phases present in the long-term heat treated 
2507 alloyed with copper.  

TEM has a higher resolution compared to SEM due to the shorter wavelength of the 
electrons. For the TEM measurements the specimens need to be very thin foils 
through which the electrons from the electron beam pass. It can be used for 
topography studies in image mode, or for crystallographic structures studies in 
diffraction mode 122.  

A TEM 200 kV Jeol 2100F field emission gun microscope with energy dispersive 
spectroscopy (SDD-EDS), and a Gatan Tridiem energy filter for electron energy loss 
spectroscopy (EELS) was used.  

5.2.3 Glow Discharge Optical Emission Spectroscopy 
(GDOES) 

GDOES was used for elemental depth profiling the passive film in Paper I.  

With GDOES, a vacuum vessel is filled with argon at low pressure and a voltage is 
applied between two electrodes, where the specimen is the cathode. The electric field 
between the electrodes leads to electrical breakdown of the gas creating a plasma. 
The surface of the specimen is subsequently eroded as ions are sputtered into the 
plasma, creating optical emission following excitation. The emitted light at a 
wavelength, specific for each element, is used to quantify the quantity of each 
element. The GDOES analysis is done on an area 4 mm in diameter with a depth 
resolution of 10 nm 123. A LECO GDS 750 was used for the GDOES measurements.  
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5.2.4 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) was used for studying the surface topography and 
roughness of the austenitic 301LN after plastic deformation (Paper I). With AFM the 
topography map is obtained by the scan of a probe tip over the surface of the specimen 
in three dimensions 124. It can be operated in contact mode, tapping mode or non-
contact mode.  

 
Figure 13 Schematic representation of the AFM principle.  

When operated in contact mode a sharp tip is brought in contact with the surface 
under a predetermined repulsive force between the tip and the surface. The tip will 
move vertically following the features of the surface over the scanned area. The 
movement of the tip is followed by a laser that will hit different parts of a sensor 
where the data is collected and later plotted as a topography image. 

In tapping mode, the probe oscillates in contact with the surface of the specimen 
giving higher vertical and lateral resolutions. The tip lightly taps on the surface of the 
specimen during the scan at the lowest oscillation point. This mode has slower scan 
speed than contact mode but it gives better lateral resolution. 

In the non-contact mode, the probe oscillates near the surface of the specimen but 
without being in contact. This mode is recommended for soft samples.  

In this thesis an AFM BRUKER (nanoscope multimode 8) with a cantilever 
frequency of 354.83 KHz with tapping mode and step size of 5-10 nm was used. 

5.2.5 Auger Electron Spectroscopy (AES) 

Auger Electron Spectroscopy (AES) was used to characterise the thickness and 
composition of the passive film on specific phases of the Cu alloyed 2507 (Paper II). 

The steel surface is excited with a focused electron beamed resulting in the emission 
of Auger electrons. The energy of each electron can be used to identify the elements 
in the surface of the specimen, with a depth resolution of 5 nm. Sputtering is often 
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performed with an argon ion beam for depth profiling and for cleaning the surface 
before the analysis 125.  

In this thesis A PHI 700 Xi was used with an acceleration voltage of 10 kV, a current 
of 10 nA and an overview spectrum for the energy range of 20-2000 eV.  

5.2.6 Small spot X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to characterise the composition and thickness of the thermal oxides 
after welding (Paper III). Similar to AES, XPS is an analytical technique to identify 
the elements present in the surface with a lateral resolution of 100 µm 123. However, 
instead of using an electron beam, for XPS the electrons are emitted from the 
specimen surface due to a photoemission process. Their energy of emission is 
determined by the spectrometer and then related to a specific oxidation state.  

In this thesis a Quantera II small spot ESCA from Physical electronics was used. 
Starting from the fusion line, successive spots sized 200 µm were done at each 1 mm. 
The oxide thickness was defined as the value at which the oxygen and iron curves 
cross. 

5.3 Thermodynamic calculations 
Thermodynamic calculations using Thermo-Calc 4.1 software with TCFE6 database 
were used in Paper II to predict the equilibrium microstructure of the alloys with 
different copper content after specific heat treatments. The equilibria of the phases is 
defined by the minimum Gibbs energy 126.  

5.4 Electrochemical testing methods  

5.4.1 Critical Pitting Temperature (CPT) 

Critical pitting temperature was investigated by ASTM G48 80 and ASTM  G150 82.  
The method E of ASTM G48 was used in Paper III to investigate the CPT of the 2507 
welded joints. This method was preferred for testing the welded joints as it allows 
exposure of specimens with complex geometry and different types of surfaces. 
Specimens sized 70*25 mm with a weld centrally positioned and parallel to the short 
side were ground to a P180 finish on the edges and root side. The top side containing 
the thermal oxides was left as delivered.  

The specimens were immersed for 24 h in a 6 wt.% ferric chloride test solution at a 
specific temperature. After 24 h the specimens were cleaned and dried and the surface 
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inspected with a light optical microscope to detect the presence of pits. If no pits were 
visible the solution temperature was increased by 5 °C steps until pits were found. 
CPT is defined as the lowest temperature where pitting occurs.  

The method according to ASTM G150 is an electrochemical test in which the steel is 
immersed in 1 M NaCl under an imposed potential of 700 mVSCE. CPT is defined as 
the temperature at which pitting occurs and the current density is over 100 mA cm-2 
for 1 min 82. In Figure 14 a schematic representation of the flushed-port or Avesta 
cell used for ASTM G150 is shown. In order to avoid crevice corrosion, the specimen 
is in contact with an O-ring and filter paper with a continuous distilled water feed. A 
surface section of 1 cm2 is exposed to the electrolyte. There is a three-electrode 
system with a reference electrode, a counter electrode and the specimen acting as the 
working electrode. 

 
Figure 14 Schematic representation of the Avesta cell used for polarisation curves and 
critical pitting temperature testing.  

5.4.2 Potentiodynamic polarization tests 

Potentiodynamic polarisation measurements were carried out according to the 
standard ASTM G61 127. The specimen was tested in 1 M NaCl using a flushed port 
cell as shown in Figure 14. A surface area of 1 cm2 was exposed to the electrolyte. 
For the measurements performed on LDX 2101 (Paper IV), the temperature of the 
solution was kept constant at 15 °C. The potential, starting at the open circuit potential 
(OCP), was increased at a rate of 10 mV min-1 to a potential where the current density 
reached 5 mA cm-2. After that, the potential was reversed to -55 mV SCE.  

5.5 Local electrochemical techniques 
The common electrochemical and corrosion tests used for investigating corrosion 
resistance of steels, such as critical pitting temperature testing, polarisation curves, 
potentiostatic/galvanostatic testing and electrochemical impedance spectroscopy 
(EIS), give solely information about the corrosion processes occurring over the 
exposed surface of the steel in the electrolyte. However, for stainless steels, initiation 
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and propagation of corrosion is related to the presence of specific features or defects 
in the microstructure or in passive film. It can be different phases or precipitates in 
the microstructure that due to the difference in composition can act as microgalvanic 
cells where one phase is an anodic site and the other a cathodic site. 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 local techniques 
can be used to investigate this microstructure - corrosion correlation. The most 
common techniques are scanning Kelvin probe (SKP), scanning Kelvin probe force 
microscopy (SKPFM), local electrochemical impedance spectroscopy (LEIS), 
scanning vibrating electrode technique (SVET), scanning reference electrode 
technique (SRET) and scanning electrochemical microscope (SECM). They differ in 
terms of lateral resolution, set-up, environment, and output obtained from the 
measurement.  

SVET, SKP and SKPFM have been used in this thesis for studying local processes at 
the microstructure of stainless steels. The techniques are presented in this section.  

5.5.1 Scanning Vibrating Electrode Technique (SVET)  

SVET is a local electrochemical technique that was first developed for biological 
studies but later broadly used for corrosion studies including corrosion beneath 
coatings and dissimilar corrosion 128–131. SVET is based on the scan of a vibrating 
electrode over the specimen surface while immersed in an electrolyte 132,133. The 
probe is a microelectrode electroplated with a platinum black tip of a diameter of 2-
50 µm. The tip of the electrode vibrates vertically in the electrolyte following a sine 
wave. The system acts as a capacitor, where the two conductors are the specimen 
(working electrode) and the probe positioned in parallel. The distance between them 
varies following the vertical vibration of the probe. The probe measures the potential 
drop between the two extreme vibration points, ∇ϕ. This is associated with the ionic 
current that originates from the corrosion activity of the metallic specimen. The 
potential drop is then amplified and filtered through detectors that convert the AC 
signal to a DC potential. Using Ohm’s law and the electrolyte’s conductivity, −𝑘𝑘, the 
current density, 𝑖𝑖, is obtained.  

𝑖𝑖 = −𝑘𝑘 ⋅ ∇ϕ    

A current density map of the scanned zone is plotted using the current density 
measured for each scan point.  

SVET can be used at open circuit potential (OCP) without applying an external 
potential. In Paper III, SVET was used both at OCP but also under an applied 
potential using the specimen as the working electrode, a platinum reference wire as 
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the counter electrode and a microelectrode Ag/AgCl as the reference electrode. In 
Figure 15 a schematic representation of the SVET in OCP set-up used for 
investigating the anodic/cathodic activity of the welded joints is shown. The 
electrolyte was inside an open container where the ground reference and vibrating 
probe were immersed. The scan was performed close to the fusion line where heat 
tints from welding were present.  

 
Figure 15 Schematic representation of the SVET for a set-up where the specimen is a 
welded joint, Paper III.  

5.5.2 Scanning Kelvin Probe Force Microscopy (SKPFM)  

SKPFM is a probing technique that measures the potential difference between the 
scanning probe tip and the specimen surface, also denoted as the Volta potential 
difference. SKPFM has been used in several investigations of corrosion processes in 
stainless steels 103,134–137 The potential measured is a specific material property that 
can be used as an indication of the nobility of different zones of the specimen surface 
with a spatial resolution of tens of nanometers. It allows the investigation of corrosion 
processes connected to different phases of the microstructure, which is highly 
relevant for multiphase alloys as duplex stainless steels. The lower corrosion 
resistance of ferrite can be explained by a lower Volta potential relative to the 
platinum probe than the austenite 112,136,138 The Volta potential can vary depending 
on the properties of the passive film, composition of the phases, crystallographic 
structure, orientation and interatomic distance.  

The principle of the potential is based on the fact that when two different metals are 
put into contact a potential is formed due to the different Fermi energy level of the 
two metals, EF. The Fermi level is defined as the thermodynamic work that is required 
to bring one electron to the metal surface and it corresponds to the chemical potential 
of the metal. Electrons will drift from the metal that has the lower EF (Platinum probe) 
and thus, highest chemical potential, to the metal that has the highest EF and thus 
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lowest chemical potential (specimen). This will occur until equilibrium is reached. 
The difference of Fermi Levels results in a work function difference, which describes 
the minimum energy required to extract one electron from the Fermi level to a 
position outside the metal surface, the vacuum level. The work function Φ is defined 
as Φ= −µe + eχ where µe is the chemical potential and χ the dipole potential also the 
surface potential drop between just inside and outside the metal bulk. In the case 
when the object carries electrical charge, such as a metal surface in corrosion 
processes, an additional work is needed. The potential derived from this work is 
called Volta potential, Ψ, and is equivalent to the potential drop from a position far 
away, the infinity, to a position outside the metal surface. Then, the work function 
becomes Φ∗= −µe + eχ+ eΨ. Thus, the Volta potential energy is defined as the energy 
to bring an electron from infinity to the vacuum level. The sum of the Volta potential 
Ψ and the surface potential χ gives the Galvani potential which is defined as the real 
electrode potential of the metal 135,139–141.  

The working mechanism of SKPFM follows the equations described below and other 
described more in detail in literature that consider the effect of the metal/liquid 
interface 103,135.  

 
Figure 16 Schematic representation of the dual pass mode of the SKPFM. 

SKPFM can be used with two different operational modes, single pass mode or dual 
pass mode 142. In the single pass mode, the tip of the probe, usually a platinum n-
doped silicon tip, follows a scan pattern line by line, moving very near to the 
specimen surface thanks to the electrostatic force stimulated by a AC voltage applied 
at the probe at low frequency. The electrostatic force is nullified applying an external 
DC voltage at the tip.  

As illustrated in Figure 16, in the dual pass mode, there is a first pass where the 
topography of the specimen is scanned. The data from the first scan is used in the 
second pass to lift the probe at a specific distance from the surface of the specimen, 
so a constant distance between the specimen and the probe is kept during the 
measurement. During the second pass, the probe oscillates following the AC voltage 
that generates an electrostatic force between the tip and the specimen causing the 
vertical oscillation. The magnitude of the oscillation of the tip is nulled at each 
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specific point by adding an external DC voltage to the tip that balances the Volta 
potential difference ∆Ψ. Thus, nulling of the electrostatic force yields the Volta 
potential difference measurement with SKPFM. Finally, all the data is put together 
and presented as Volta potential difference and topography maps.  

In this thesis the measurements were carried out using a UBM Messtechnick SKP for 
Paper I and a Dimension Icon AFM from Bruker using the frequency modulation 
mode (FM-KPFM) for Paper II, IV and V. The topography and the Volta potential 
were measured at the same time using the single pass mode and each scan took 
between 10 and 30 min depending on the size of the scan. The term Volta potential 
will be used in this thesis, as the name for the Volta potential difference between the 
probe and the specimen. 

5.6 Immersion testing and field testing 

5.6.1 Immersion testing for pit initiation 

Immersion testing according to the method described by Bianchi et al. 143, denoted 
BCMT after the authors initials, was used to evaluate the initiation of pitting in the 
microstructure in Paper II. The specimens were immersed in a solution of 15 g FeCl3, 
15 g AlCl3, 100 ml glycerol and 100 ml ethanol at 40 °C for 10 seconds. After 
immersion, numerous small pits appeared on the surface at the areas of the 
microstructure with the lowest pitting corrosion resistance. Prior to immersion the 
specimens were mirror polished down to 1 µm. 

5.6.2 Long term immersion testing 

Immersion testing was conducted in Paper V in 10 wt.% H2SO4 and 50 wt.% NaOH, 
following the procedure described in ISO 18069.31. The aim was to evaluate the 
corrosion rate in aggressive media relevant to various service environments. 
Triplicate samples, with sides wet ground to P120, were exposed at three different 
temperatures and weighed before and after exposure to calculate the corrosion rate. 
If the corrosion rate was lower than 0.1 mm/year the temperature was increased by 
10 °C. Conversely, if it exceeded 0.1 mm/year the temperature was lowered by  
10 °C. The third temperature was selected up/down 5 °C from the temperature 
corresponding to the corrosion rate limits. Duplicate samples were exposed for 24 h 
(Period I) + 72 h (Period II) + 72 h (Period III). Activation of the samples by contact 
with zinc was carried out before Period III.   
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6 Summary of appended papers 

In this Chapter a summary of the papers included in this thesis is given. Paper I – III 
were included in the Licentiate thesis “Use of local electrochemical techniques for 
corrosion studies of stainless steels” submitted by the author and published in June 
2016 4.  

6.1 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 Volta 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, being an irreversible process. 
This was observed in both tensile and compressive deformation. To interpret the 
effect of stress on the passive film and Volta potential, different surface preparations 
were used and the thickness and composition of the passive film were determined by 
GDOES at different elapsed times after oxide removal by grinding. 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 which creates a more 
defective passive film. 
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6.2 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 alloying (0-4 wt.%) on the microstructure, 
passive film properties and Volta potential of 2507 after a long-term heat treatment. 
The study showed that alloying with Cu decreased the sigma phase fraction and 
increased the amount of isothermal Cr2N nitrides and ε-Cu phase. Using Scanning 
Kelvin Probe Force Microscopy (SKPFM) the Volta potential of the different phases 
in the microstructure was characterised. The relation between Volta potential, 
composition of the underlying phases and thickness of the passive film was 
elucidated. The location of pitting corrosion as well as the lowest Volta potential 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 austenite. 

6.3 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 
Materials and Corrosion, 2016, Vol. 68 (1), pp. 7-19.  

In Paper III the effect of thermal oxides on the corrosion resistance of a 2507 GTAW 
welded joint was investigated. 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 
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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 pitting corrosion resistance.  

6.4 Paper IV 
Effect of cold rolling on microstructure, corrosion and electrochemical response 
of the lean duplex stainless steel LDX 2101® by a correlative EBSD–SKPFM 
investigation 

N. Fuertes, R. Pettersson 
Materials and Corrosion, 2020, Vol. 71 (7), pp. 1052-1065. 

The aim of Paper IV was to investigate the effect of cold rolling on the microstructure, 
corrosion resistance and electrochemical response of LDX 2101. Three different 
thickness reductions were evaluated, 0%, 20% and 40%, in terms of effect on the 
microstructure (EBSD, EDS), corrosion resistance (ASTM G150, ASTM G61, field 
and immersion testing), passive film properties (XPS) and Volta potential (SKPFM). 
It was shown that deformation leads to changes in the microstructure such as 
martensite formation and mechanical twinning, and that these zones exhibit the 
lowest Volta potential and highest sensitivity to pitting. The combination of EBSD, 
EDS and SKPFM maps showed that the Volta potential was clearly dependent on 
composition, deformation and local misorientation but not on the crystallographic 
orientation of the grains in the microstructure. The overall conclusion was that cold 
deformation up to a 40% thickness reduction had a major influence on the 
microstructure but only a minor impact on the corrosion resistance of LDX 2101. 

6.5 Paper V 
Microstructural and Corrosion studies of Super-duplex Stainless steels 
produced via Additive Manufacturing  

Nuria Fuertes, Nikhil Dixit, Sara Munktell, Anna Delblanc, Peter Harlin, James 
Shipley, Fredrik Falkenberg, Rachel Pettersson  

CORROSION 2021. Paper Number: NACE-2021-16990. Published: April 19 2021 

Paper V focused on the influence of laser-powder bed fusion (L-PBF) additive 
manufacturing and post-processing on the microstructure and corrosion resistance of 
super-duplex stainless steels 2507. Three different post-processes were investigated; 
conventional heat treatment and hot isostatic pressing (HIP) with different cooling 
rates; 200 °C/min or 5 °C/min. The corrosion resistance was evaluated by critical 
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pitting temperature (CPT) measurement according to ASTM G150, immersion 
testing and Scanning Kelvin Probe Microscopy (SKPFM) for the electrochemical 
response. It was found that the different thermal cycles led to variation in the 
microstructure and corrosion of the AM 2507. The HIP treatment with fast cooling 
resulted in the best corrosion resistance followed by the conventional heat treatment 
AM 2507. The HIP treatment with slow cooling led to the formation of sigma phase 
and exhibited the lowest corrosion resistance. The overall conclusion was that with 
the right post-processing, the L-PBF DSS 2507 exhibited similar or even higher 
corrosion resistance than conventional 2507.  
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7 Results 

In this chapter, a summary of the results obtained in Paper I-V is included. The results 
are presented as the effect of manufacturing and fabrication (section 7.1) and that of 
post-processing (section 7.2) on microstructure, surface oxides and corrosion of 
stainless steels. The results of Paper I-III were included in the Licentiate Thesis 
written by the author 4.  

7.1 Effect of manufacturing and fabrication process  
Stainless steels are subjected to high temperature gradients and deformation during 
manufacturing and fabrication processes such as melting, solidification, annealing, 
rolling and welding. The elevated temperature and deformation during these steps 
can lead to changes in the microstructure (section 7.1.1), and in turn, on the surface 
oxides (section 7.1.2) and corrosion properties (section 7.1.3) of the steel.  

7.1.1 Microstructure 

Alloying, cold rolling and additive manufacturing can all influence the 
microstructure, and thus, the final corrosion resistance of stainless steels. In this 
section the microstructure effects of these processes are summarized based on 
findings from Papers I-V. Detailed analysis of the microstructure provides a means 
to understand observed differences in corrosion behaviour which are summarised in 
section 7.1.3. 

7.1.1.1 Duplex and multiphase microstructures 

Typical microstructures of duplex stainless steels, consisting of a ferrite matrix (red) 
and austenite (blue) are shown in Figure 17 for cast 2507 and LDX 2101.  

Both alloys have a dual phase microstructure with similar content of ferrite and 
austenite. No intermetallic phases such as sigma phase or nitrides are observed. The 
grain size is clearly affected by the manufacturing process, the 2507 cast 
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microstructure has larger grains than the cold rolled microstructure of LDX 2101-
0%. Martensite is not seen in these alloys but can occur after deformation when 
austenite transforms into martensite, such as for LDX 2101-40% or 301LN described 
in the next section. 

 
Figure 17 SEM-EBSD phase map of LDX 2101-0% (left) and cast 2507 (right). Austenite 
in blue, ferrite in red.  

As described in Chapter 2, the content of the alloying elements in stainless steels has 
a strong influence on the microstructure and corrosion properties. In Paper II a long-
term aged copper-alloyed 2507 was selected to elucidate the effect of various 
equilibrium phases in the microstructure and in the corrosion resistance. As shown in 
Figure 18, the microstructure of Cu alloyed 2507 after heat treatment consisted of 
austenite, Cr-nitrides, sigma and ε-Cu phase. Ferrite phase was not present due to the 
long heat treatment. The amount of each phase varied depending on the Cu content 
of the alloy. In agreement with equilibrium calculations using Thermo-Calc, the 
amount of sigma phase slightly decreased by adding Cu. Conversely, the quantity of 
nitrides slightly increased by adding Cu. 

ε-Cu phase (seen as dark spots in Figure 19.c) contained most of the copper in the 
alloy. Only low amounts of Cu were present in the austenite phase, as seen in EDS 
maps in Figure 19.  
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Figure 18 Microstructure of the 2507 with Cu additions after heat treatment for  
6 months at 800 °C. Cr-nitrides, Cr2N, are the darkest phase, followed by austenite, sigma 
phase and ε-Cu phase (ε). Figure adapted from Paper II.  

 

(a) SEM-BSE (b) EDS-Cu (c) EDS-Cr 

 
Figure 19 EDS element map of the long-term heat treated DSS 2507 4Cu showing element 
distribution in the phases. Figure adapted from Paper II.  
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7.1.1.2 Effect of deformation  

Deformation of stainless steels is done repeatedly during production and affects the 
microstructure and properties of the material.  

In Paper IV, deformation of lean duplex stainless steel LDX 2101 by cold rolling 
resulted in changes in the microstructure including induced martensite formation, 
mechanical twinning, decreased amount of FCC phase (austenite) and grain size. This 
is shown below in Figure 20 and later in the SKPFM-EBSD analysis in Figure 34 
where martensite is identified in the EDS mapping analysis as BCC grains with lower 
amount of Cr compared to ferrite.  

 
Figure 20 SEM-EBSD phase map of LDX 2101-40%, where blue corresponds to austenite 
and red to ferrite/martensite (left). IPF ND figure showing the orientation of the grains 
where blue grains are (111) planes, green grains (101) and red grains (001) (right). The 
circled zones indicate mechanical twinning. Figure adapted from Paper IV. 

7.1.1.3 Microstructure after additive manufacturing  

Compared to the conventional manufacturing process, the AM LPBF process 
involves fast melting and rapid solidification which influence the final microstructure 
of the printed parts. The work done in Paper V showed that the microstructure of 
2507 additively manufactured by LPBF (Figure 21) differed from the reference cast 
2507 (Figure 17).  

The microstructure of the AM specimen was refined and show a preferential 
orientation parallel to the build direction while for the cast specimen the 
microstructure had a coarse structure, see Figure 17. Sigma phase or nitrides were 
not observed in any of the specimens investigated.  
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Figure 21 SEM-EBSD images of horizontal cross-sections of AM 2507 AB+HT (austenite 
in blue, ferrite in red) (left). Orientations 001 (red), 010 (green) and 111 (blue) (right). 
Figure adapted from Paper V. 

7.1.2 Surface oxides 

The corrosion resistance of stainless steels is highly reliant on the passive film on its 
surface, its stability and composition. Different parameters can affect the stability and 
properties of the passive film, and in its turn, the corrosion resistance of the steel. 
These include temperature changes, such as during welding, alloying, deformation, 
and introduction of surface defects. In this section the effect of these parameters on 
the passive film are summarised.  

7.1.2.1 Effect of alloying on passive film 

Despite the effect of Cu content on the microstructure of 2507, described in section 
7.1.1, the results from AES investigations showed that the thickness of the passive 
film was independent of the Cu content but differed slightly depending on the 
underlying phase in the microstructure, see compositional depth profiles in Figure 
22. The passive film was slightly thicker (1.5-2 nm) over the austenite for the alloys 
0Cu and 2Cu while it was thinner (0.5-1 nm) over the sigma phase and the Cr-nitrides. 
The composition varied significantly depending on the underlying phase. The passive 
film was characterised by a Fe-Ni outer oxide and an Cr-enriched inner layer for 
sigma and austenite, however the Cr content was much higher in the passive film on 
the sigma phase while austenite had a higher Ni content. Nitrides had the highest 
passive film Cr and N contents.  
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(a) Sigma  

 

(b) Nitrides 

 
(c) Austenite 

 

 

Figure 22 AES compositional depth 
profiles through passive film on sigma (a), 
nitrides (b) and austenite (c) of the long-
term heat treated 2507 0Cu. The 
thickness of the passive film is indicated 
by a dashed line and is defined as the 
value where the oxygen level is half of the 
difference between maximum and 
minimum points. Figure adapted from 
Paper II. 

7.1.2.2 Effect of deformation on passive film 

The effect of deformation on the passive film due to cold rolling was investigated in 
Paper IV. The thickness and composition of the passive film was characterised by 
XPS at different cold deformation levels, 0 – 40% thickness reduction. Despite the 
effect of deformation on microstructure presented section 7.1.1 and on the Volta 
potential in section 7.1.3, no major consistent impact on the composition or thickness 
of the passive film was observed as shown in Table 3. However, a slightly higher 
content of Cr and presence of Mo was detected for the material with the highest 
deformation, LDX 2101-40%. 

Table 3. Thickness and chemical composition of the passive film of LDX 2101 with different 
thickness reductions (%) after cold rolling.  

 Thickness [nm] Cr [%at.] Fe [%at.] Mo [%at.] Mn [%at.] 

LDX 2101-0% 1.8 42.8 50.7 - 6.5 

LDX 2101-20% 1.9 40.4 52.7 - 7.0 

LDX 2101-40% 1.7 50.4 41.4 1.5 6.7 
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7.1.2.3 Effect of elapsed time on passive film growth 

The passive film on stainless steels often reforms (repassivation) when damaged e.g. 
by a scratch. In Paper I, the thickness and composition of the passive film of the 
austenitic 301LN was characterised at elapsed times of 0.5 h, 4 h and 48 h after oxide 
removal by grinding, see Figure 23. The results showed that the passive film 
thickness increased with the elapsed time. The composition of the oxide did not differ 
over time and it was characterized by an inner Cr-enriched oxide and an outer layer 
with Fe and Ni enrichment, see Figure 23 (right).  

 
Figure 23 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 (left) and compositional depth profile 
(right) through passive film 48 h after grinding with SiC#80. Measurements done by 
GDOES. Figure adapted from Paper I.  

7.1.2.4 Thermal oxides 

The high temperatures achieved during welding can lead to the formation of thermal 
oxides which are appreciably thicker than the passive film on stainless steels. In Paper 
III, the composition and thickness of the surface oxides on 2507 steel GTAW welded 
with different shielding gases and an austenitic 316L steel GTAW welded with pure 
argon were investigated. It was found that the discoloration of the heat affected zone 
was dependent on different factors, such as the heat input during welding, the 
shielding gas used, and the base metal.  

As shown in Figure 24, all the welded joints had a dark-blue oxide between y=0 mm 
(fusion line) up to y=2 mm. The 2507 weld with Ar+2%N2 shielding gas had the 
widest dark-blue oxide. With increasing distance from the fusion line, the level of 
discoloration of the oxide was: blue-purple, brown and finally a straw yellow oxide. 
The 2507 welded with pure argon had a narrower heat tint compared to the 316 
welded with the same conditions.  
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Figure 24 Heat tint discoloration on austenitic 316L welded joint (left) and 2507 welded 
joint (right) where Y=0 is the location of the fusion line. Figure adapted from Paper III. 

XPS was used to characterise the thickness and composition of the thermal oxides for 
all the welded joints. In Figure 25, the XPS profiles of the 2507 welded with pure Ar 
are given at specific distances from the fusion line. The thickness of the heat tint, 
determined as the value at which Fe-O curves cross, decreases with increasing 
distance from the fusion line.  

At 0.9 mm from the fusion line the oxide had a thickness greater than 2 µm and 
consisted of an outer of Fe-oxide layer (combined with some Mn-oxide) and an inner 
layer of Cr-oxide. At a greater distance from the fusion line, y= 1.9 mm, the oxide 
had a thickness of 1.6 µm and consisted of an outer Fe-oxide and an inner Cr-Fe-
oxide layer. At 3.9 mm, Figure 25.b, the oxide structure did not change but its 
thickness decreased to 400 nm. No chromium depleted region in the underlying metal 
under the heat tint was detected for any of the investigated welded joints. 

(a)  0.9 mm 

 

(b) 3.9 mm 

 
Figure 25 XPS element profiles [at.%] of 2507 welded with pure Ar at  
0.9 mm and 3.9 mm from the fusion line. The thickness of the thermal oxide, defined as 
the value at which Fe and-O curves cross, decreased with increasing distance from the 
fusion line. The oxide consisted of an outer layer of Fe-oxide and inner layer of Fe-Cr-
oxide. Figure adapted from Paper III. 
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The oxide thickness and composition were affected by the choice of shielding gases. 
Welding with Ar+2%N2+30%He resulted in thinner oxide layers than those measured 
for the pure Ar welded joint and different oxide structures: an outer layer of Fe-Mn-
oxides and an inner layer of Fe-Cr-Mn-oxide. Welding with Ar+2%N2 resulted in a 
thinner layer richer in Mn oxide compared to the oxides described above.  

The oxide for the austenitic welded joint has similar composition to the duplex 
welded joint but was significant thinner, being 250 nm at y=0.8 mm and 120 nm at 
y=4.8 mm.  

7.1.3 Corrosion properties 

The corrosion properties which are a consequence of microstructural changes and 
surface oxide modifications due to alloying, manufacturing process, mechanical 
deformation and welding are summarised in this section. 

7.1.3.1 Effect of composition on Volta potential and corrosion 
resistance 

In section 7.1.1 it was shown that Cu alloying of long-term heat treated 2507 results 
in different phases in the microstructure. In this section, the results from SKPFM 
linking the phases of the microstructure to their electrochemical response are 
presented. The results are presented as maps showing the difference in Volta potential 
between the specimen and the Pt reference tip, denoted here as Volta potential. The 
Volta potential provides an assessment of relative nobility of zones on the specimen, 
when using SKP, or features in the microstructure when using SKPFM. A zone with 
high Volta potential is considered to have higher corrosion resistance, and thus 
nobility, than a zone with a lower potential. The former can be considered as a 
cathode and the latter as an anode. A study of the link between deformation and the 
difference of Volta potential correlated to the microstructure and passive film 
properties gives valuable information for understanding the effect of manufacturing 
steps on the corrosion resistance of stainless steels. The Volta potential map of long 
term heat treated 2507 with copper additions, 0Cu and 2Cu, is shown in Figure 26. 
Bright regions have a higher Volta potential than dark regions, indicating a higher 
nobility for the bright phases. Cr-nitrides showed the highest Volta potential for both 
0Cu and 2Cu specimens and were the noblest phase in the microstructure. For the 
2Cu alloy, sigma phase had a higher Volta potential than the austenite, while for the 
alloy without copper no appreciable difference was observed between austenite and 
sigma phase. ε-Cu phase was present in the 2Cu alloy and had the lowest Volta 
potential of all the phases.  
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(a) 0Cu  (b) 2Cu 

    

  
Figure 26 SKPFM map and profile for 0Cu (a) and 2Cu (b) heat treated at 800°C for 6 
months. Cr-nitrides were the noblest phase and ε-Cu the least noble. Figure adapted from 
Paper II. 

Similar anodic/cathodic activity of the phases was observed after immersion testing 
following the BCMT procedure. Numerous small pits were seen in the austenite for 
both specimens 0Cu and 2Cu. As seen Figure 27, ε-Cu phase dissolved during testing 
and sigma phase remained unattacked. Pits were present throughout the austenite and 
were more pronounced at the austenite/nitrides grain boundaries.  

 
Figure 27 SEM-BSE image of the 2Cu after BCMT immersion testing showing pits in the 
austenite. Figure adapted from Paper II. 
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7.1.3.2 Effect of additive manufacturing on corrosion resistance 

Additive manufacturing leads to a different microstructure in the stainless steel 
component compared to conventional manufacturing, as reviewed in Section 7.1.1. 
These changes include the presence of porosity, detrimental phases or a refined 
microstructure that can result in different corrosion properties. In this section, the 
corrosion resistance of AM manufactured 2507 is evaluated in terms of CPT. All 
materials were annealed after manufacture in order to produce the correct phase 
balance. The effect of HIP and heat treatment (HPHT) post-processes on this material 
is presented in section 7.2. 

Pitting corrosion resistance, evaluated by CPT testing according to ASTM G150 
standard, was performed in 1 M NaCl (lighter columns in Figure 28). Testing in 3 M 
MgCl2 (darker columns in Figure 28) was also performed because its higher chloride 
concentration allows a better ranking for high alloyed stainless steels. The test was 
performed on duplicate horizontal cross-sections at different heights from the build 
plate for the AM specimens and on top surface sections of the reference specimens 
of 2507, denoted as REF for the cast specimen and REF_CR for the cold rolled 
specimen. The results are given in Figure 28 and show a better pitting resistance for 
the AM 2507, with CPT values over 95 °C in 1 M NaCl and 85 °C in 3 M MgCl2, 
than the reference specimens (70 °C for REF in 1 M NaCl and 76 °C for REF_CR in 
3 M MgCl2). No influence of build height on the CPT was seen for any of the tested 
specimens. In addition to CPT, uniform corrosion tests in NaOH and H2SO4 are 
presented in Paper V and show the lowest corrosion rate for AB+HT and HPHT and 
the highest for HPHT_SC.  

 
Figure 28 CPT [°C] values of horizontal cross-sections at different column height of AM 
2507 after annealing (AB+HT) and cross-sections of REF (cast) and REF_ CR (cold rolled) 
based on G150 in 1 M NaCl (light colour bars) and 3 M MgCl2 (dark colour bars). Error 
bars indicate the max/min values; duplicate samples were tested. Figure adapted from 
Paper V. 
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7.1.3.3 Effect of deformation on Volta potential and corrosion 
resistance 

In Section 7.1.1 it was shown that cold rolling of LDX 2101 induced changes in the 
microstructure such as martensite formation. The effects on corrosion resistance are 
presented here.  

Cold rolling resulted in a small decrease in CPT for LDX 2101, from 16 °C in the 
undeformed LDX 2101-0% to 13 °C for LDX 2101-20% and LDX 2101-40%, Figure 
29. A higher pitting potential, according to polarisation curve measurements by 
ASTM G61, was also seen for the LDX 2101-0% compared to more deformed 
specimens.  

 
Figure 29 Critical Pitting Temperature (CPT) (°C) according to ASTM G150 for LDX 2101 
with different thickness reductions after cold rolling, LDX 2101-0%, LDX 2101-20% and 
LDX 2102-40%. A decrease in CPT was observed for the cold rolled specimens, LDX 
2101-20% and LDX 2101-40%. Triplicate specimens were tested. Figure adapted from 
Paper IV. 

The phases in the microstructure, austenite and ferrite, exhibited different corrosion 
resistance as predicted by the PREN calculated for each phase, 26.4 and 25.7 
respectively. Immersion testing, following the BCMT method, revealed pitting to 
occur predominantly in the ferritic phase in LDX 2101-0% and in both the ferritic 
and martensitic phase in the most deformed specimen, see Figure 30. 

This is in agreement with the selective pitting attack observed after CPT testing 
(Figure 6 in Paper IV) and the Volta potential values obtained by SKPFM. 
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(a) LDX 2101-0% (b) LDX 2101-40% 

 
Figure 30 SEM-EBSD images of the corrosion attack in LDX 2102-0% (a) and LDX 2101-
40% (b) after immersion testing by the BCMT method showing selective pitting attack in 
the ferrite (red) for LDX 2101-0% and in the ferrite and martensite for LDX 2101-40% (zone 
inside the white circles). Figure adapted from Paper IV. 

The effect of deformation on the local electrochemical response, evaluated by SKP 
and SKPFM is described in Paper I and Paper IV. The tests performed on 301LN 
using a tensile test set-up, showed different behaviour of the Volta potential changes 
depending on whether the load was elastic or plastic. The elastic deformation resulted 
in an increased Volta potential by 30-70 mV, see Figure 31, that recovered to the 
original potential after unloading.  

(a) Unloaded σ = 0 MPa 

 

 (b) Elastic deformation σ = 350 MPa 

 
Figure 31 SKP potential maps of a 301LN unloaded (a) and under elastic load 350 MPa 
(b) showing an increase of 30-70 mV during loading. Figure adapted from Paper I. 

In contrast, plastic deformation resulted in a decrease of potential by ~150 mV, which 
was irreversible and did not recover to the original potential value after unloading.  
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Similar results were observed after performing an indentation test at the centre of the 
sample. The Volta potential decreased by 250 mV in the deformed region after 
indentation, see Figure 32.c. The process was irreversible, and the potential did not 
recover to the original value of 250-300 mV SHE after 48 h. However, after a 
passivation in nitric acid the Volta potential was recovered, as seen in Figure 32.d.  

XRD showed a fully martensitic structure due to the transformation of austenite into 
martensite in the deformed area and an AFM investigation revealed an increased 
roughness and the presence of slip steps.  

(a) Volta potential map  
before indentation 

 

(b) Topography  

 
(c) Volta potential map  
after indentation 

                        

(d) Volta potential map  
after passivation 

 
Figure 32 SKP Volta potential maps (a, b, d) and topography (b). Before (a) and after 
indentation (b, c, d). Volta potential profile after treatment in the 30 vol.% nitric acid (d). 
Figure adapted from Paper I. 

Similar studies to the ones on 301LN with SKP, were done on LDX 2101 by SKPFM 
in Paper IV. Specimens were plastically deformed by cold rolling to three different 
levels of thickness reduction: LDX 2101-0%, LDX 2101-20% and LDX 2101-40%. 
The SKPFM maps were correlated to the phase and local misorientation maps 
obtained by EBSD from the same zone, see Figure 34 and more detail in Paper IV. 
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For all the specimens the Volta potential of the austenite was higher than the ferrite, 
in agreement with the PREN values given in section 7.1.3, indicating a higher nobility 
of the austenite. No effect of the presence of annealing twins or of the grain 
boundaries was seen on the potential. An increased deformation due to higher 
thickness reduction resulted in an increased local misorientation and decreased Volta 
potential, where the zones with highest local misorientation had lower potential than 
the corresponding non-deformed zones of the same phase. At the highest 
deformation, for LDX 2101-40%, the BCC zones corresponding to austenite that had 
transformed into martensite had the highest local misorientation and lowest potential. 
Figure 33 summarises the Volta potential level of the different phases for the three 
levels of deformation of cold rolled LDX 2101. It can be seen that high local 
misorientation corresponds in most of the cases to low potential and low local 
misorientation to high Volta potential. Higher nobility is seen for the austenite, 
followed by ferrite and martensite.  

 
Figure 33 Volta potential of ferrite, austenite and martensite based on data from SKPFM 
and SEM-EBSD measurements. Local misorientation indicated as blue=low and red=high. 
The highest work function is observed for the austenite with lowest local misorientation 
and lowest work function for the martensite and the ferrite with highest local misorientation. 
Figure adapted from Paper IV. 
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Figure 34 SKPFM and SEM-EBSD figure of LDX 2101-40% where (a) is the Volta potential 
map, (b) the phase map, (c) local misorientation map of austenite (d) EDS-Cr map. The 
circled zones indicate areas where martensite is detected due to a combination of BCC 
structure and similar Cr content to the austenite. The white zones in (d) correspond to non-
indexed zones. Figure adapted from Paper IV. 

7.1.3.4 Effect of welding on corrosion resistance 

Many applications of stainless steels require welding and this usually causes the 
formation of thermal oxides on the surface. The results presented in section 7.1.2 
showed that the composition and thickness of the thermal oxides vary depending on 
the welding parameters used. Thus, it is highly relevant to investigate the effect of 
the thermal oxides on the corrosion resistance, as described in Paper III.  The effect 
of post-weld treatments on the corrosion resistance is summarised in the section 7.2.  

SVET was used to evaluate the passivity of the welded joints by scanning the surface 
in an electrolyte and mapping the current density. Pitting corrosion did not occur 

 

(a) Volta potential map (b) Phase map (blue=austenite, 
red=ferrite/martensite)  

 

  

(c) Local misorientation of ferrite (blue=low, 
green=high) 

(d) EDS-Cr map 
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during SVET testing but oxide dissolution was seen as an increased positive current 
density, anodic current, when the specimens with thermal oxides were immersed in 
10 mM NaCl at OCP, as shown in Figure 35. The anodic activity was observed at  
3 mm from the fusion line and decreased with time. The rest of the specimen 
exhibited a low cathodic current density.  

(a) 1h  

 

(b) 3h 

 

(c) 9h 

 

(d) 11h  

 
Figure 35 Current density scans at OCP over the entire 2507 joint welded with pure Ar 
shielding gas after 1 h (a), 3 h (b), 9 h (c) and 11 h (d) immersion time. Anodic current 
activity was measured at 3 mm from the fusion line with intensity decreasing for longer 
immersion time. The weld metal was located at 12000-8000 µm. Figure adapted from 
Paper III. 

An increased activity, up to 1000 µA/cm2, was observed when the specimen was 
polarised to 200 mV vs. Ag/AgCl.  The anodic activity was located parallel to the 
fusion line and at a distance between 1 and 4 mm, which corresponded to the dark-
blue and purple oxide previously presented in section 7.1.2.  

The use of different shielding gases can result in thermal oxides with different 
composition and thickness and thus different corrosion resistance. The SVET 
measurements on 2507 welded with different shielding gases revealed a higher 
anodic activity using Ar+2%N2+30%He compared to pure Ar and Ar+2%N2. The 
addition of nitrogen gave a less active oxide, see Figure 36.  
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Figure 36 SVET current density maps at OCP of 2507 joint welded with pure Ar (a), 
Ar+2%N2 (b) and Ar+2%N2+30%He (c). Anodic current bands correspond to the heat 
tinted region (the fusion line is located at y=0). Note a different current density scale for 
the scan Ar+2%N2+30%He. Figure adapted from Paper III. 

The influence of the shielding gas on the corrosion resistance of the welded joints 
was also characterised by CPT testing using ASTM G48 method E. As shown in 
Figure 37, the presence of heat tints decreased the CPT by 20 °C compared to the 
base metal. Nitrogen in the shielding gas gave a slightly higher CPT compared to the 
joint welded with pure Ar. Additions of helium did not affect the CPT.  

In agreement with the location of the anodic bands seen in the SVET maps, pits were 
detected both in the heat tinted zone, at the purple-brown oxide, and within the weld 
metal.  
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Figure 37 CPT [°C] according to ASTM G48 of welded joints of 2507 using different 
shielding gases. Pits were located at 1-3 mm from the fusion line and within the weld metal. 
Duplicate specimens were used. Figure adapted from Paper IV.  

7.2 Effect of post-processing  
Post-processing is often used in industry for stainless steels to achieve for example 
optimal surface and corrosion properties. For instance, for AM components HIP or 
HPHT (high pressure high temperature) are applied to reduce porosity and control 
microstructure. Other post-processing steps presented in this chapter are post-weld 
cleaning procedures that are often applied after welding to remove the thermal oxides. 
In this chapter, the influence of these processes on microstructure and corrosion are 
summarised. 

7.2.1 Microstructure 

7.2.1.1 Effect of HPHT on the microstructure of AM 2507 

HPHT on AM 2507 resulted in an increased ferrite grain size, but decreased porosity 
compared to the AB+HT, presented in section 7.1. Similar to the AB+HT, the HPHT 
had a refined duplex structure with no sigma phase. The slow cooled HPHT 
specimen, denoted as HPHT_SC, resulted in the formation of sigma phase at the 
interface between austenite and ferrite, seen as yellow zones in Figure 38, bottom. In 
agreement with the corrosion results shown in Figure 28 and Figure 39, no effects of 
the printing height were seen on the microstructure.  
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Figure 38 SEM-EBSD figures of horizontal cross-sections of AM 2507 after post-
processing HPHT, HPHT_SC showing ferrite in blue, austenite in red, sigma in yellow, 
non-indexed zones in white and orientations 010 (green), 001 (red) and 111 (blue). 
Building direction is indicated with an arrow (B.D.). Figure adapted from Paper V. 

7.2.2 Corrosion properties 

7.2.2.1 Effect of HPHT on corrosion resistance of AM 2507 

In section 7.1, it was shown that the LPBF 2507 after annealing (denoted as AB+HT) 
exhibited higher pitting corrosion resistance than the reference cast (REF) and cold 
rolled 2507 (REF_CR). Post-processing by HPHT treatment involves high 
temperature and high pressure which can modify the microstructure of the printed 
parts and thus, the final corrosion properties.  

The effect of HPHT on the corrosion resistance of AM 2507 was evaluated by CPT 
in 1 M NaCl and 3 M MgCl2. Results from immersion testing in H2SO4 are also 
included in Paper V.  

Figure 39 shows the results from CPT, both at 1 M NaCl and 3 M MgCl2, for the 
HPHT specimens compared to the printed and annealed AM 2507, AB+HT. The 
effect of printing height is also investigated. Post-processing by HPHT increased the 
CPT of AM 2507. The CPT of HPHT sample had higher pitting resistance both in  
1 M NaCl and 3 M MgCl2 compared to the annealed and the slow cooled HPHT 

 

HPHT 

  

HPHT_SC 
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specimens, denoted here as HPHT_SC. The latter had a significant lower pitting 
corrosion resistance with an average CPT of 54 °C. None of the specimens showed 
any clear influence of the build height on the CPT.  

 
Figure 39 CPT [°C] of horizontal cross-sections at different height of AM 2507 after post-
processing AB+HT (printed and annealed), HPHT, HPHT_SC (slow cooled) and REF 
(cast), REF_ CR (cold rolled) in 1 M NaCl and 3 M MgCl2. Error bars indicate the max/min 
values; duplicate samples were tested. Figure adapted from Paper V. 

Similar ranking of corrosion resistance was obtained after immersion testing in  
50 wt% NaOH. The HPHT_SC had the highest corrosion rate and deepest corrosion 
attack while the AB+HT and HPHT had the best corrosion resistance for all the 
periods and different temperatures. The lower corrosion resistance of the HPHT_SC 
is attributed to the presence of sigma phase. SEM cross-section analysis of the 
corroded specimens revealed preferential corrosion attack in the ferrite close to the 
sigma phase, while austenite remained uncorroded.  

SKPFM was used to study the effect of different HPHT post-processing on the 
electrochemical surface activity correlated to microstructure features of the AM 
2507. In Figure 40 the Volta potential and topography maps are given both for 
annealed AM 2507, AB+HT, HPHT and slow cooled HPHT_SC. The Volta potential 
of the austenite was higher than the ferritic phase for all the materials indicating a 
higher nobility of the FCC phase, austenite, compared to the BCC, ferrite. Sigma 
phase in the HPHT_SC (indicated with red arrows in Figure 40) had the highest Volta 
potential, while the ferrite/austenite grain boundaries of HPHT exhibited the lowest 
potential. The gradient of Volta potential between the different phases in the 
microstructure differed depending on the post-processing treatment, Figure 41. The 
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highest gradient between austenite and ferrite was seen for the HPHT_SC which also 
showed the lowest corrosion resistance in Figure 39. The annealed AM 2507 had 
similar Volta potential between ferrite and austenite as the post-processed sample 
HPHT. Sigma phase in HPHT_SC had the highest Volta potential.  

 
Figure 40 AFM-SKPFM topography (left) and Volta potential map (right) of AM 2507 
comparing AB+HT, HPHT and HPHT_SC A higher potential is measured on the austenite 
(brighter) compared to the ferrite (darker) for all the specimens, and highest for sigma 
phase on HPHT_SC (indicated by arrows). Figure adapted from Paper V. 

 

 Topography [nm] Volta Potential difference [mV] 

AB+HT 

  

HPHT 

  

HPHT_SC 

 

  

 



69 

 
Figure 41 Volta potential of ferrite, austenite and sigma phase of AB+HT, HPHT and 
HPHT_SC showing similar potential gradient between ferrite/austenite for AB+HT and 
HPHT but a higher potential gradient between the phases for HPHT_SC. Median (line), 
average (cross) and standard deviation are given. Figure adapted from Paper V. 

7.2.2.2 Effect of post-weld cleaning on corrosion resistance of GTAW 
2507 

The presence of thermal oxides on the surface of the welded joints decreased the 
corrosion resistance, as shown in section 7.1.3. Post-weld cleaning resulted in an 
improved pitting corrosion resistance for GTAW 2507, see Figure 42. Pickling 
combined with brushing was the method that gave the best improvement, giving a 
CPT of 70 °C i.e. similar to the CPT of the base metal. Brushing or brushing + 
polishing gave a slight improvement of the CPT. The pits were detected at 2-3 mm 
from the fusion line and in the weld metal. Similar results were obtained for the 316L 
welds and detailed in Paper III.  

Apart from CPT, SVET was also used to map the surface corrosion activity over the 
welded joint after post-processing, see Figure 43. In agreement with the CPT results 
given in Figure 42, when pickling paste was applied combined with brushing the 
anodic activity disappeared leading to a passive surface. This was also observed in 
more aggressive conditions when the specimen was polarised to 200 mVAg/AgCl. In 
contrast, anodic activity was still measured close to the fusion line of the welded joint 
even when brushing or polishing were used.  
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Figure 42 CPT [°C] using ASTM G48 of 2507 welded joint after post-weld cleaning. A lower 
CPT was measured for the joints with heat tint (Ar), but improved when pickling paste was 
applied. Duplicate specimens were used. Figure adapted from Paper III. 
 

(a) As-welded 

 

(b) After brushing 

 

(c) After brushing and pickling paste 
 

 

Figure 43 SVET Current density maps at 
200 mV versus Ag/AgCl for GTAW 2507 
with pure Ar shielding gas after 30 min 
immersion. The anodic current bands on the 
heat tinted region were only removed if 
pickling paste was applied. Figure adapted 
from Paper III. 
 

  



71 

 

 

 

 

8 Discussion 

The influence of process variables on the corrosion resistance of stainless steels based 
on changes on the passive film, the local corrosion resistance, and the electrochemical 
response was elucidated in this work. In this chapter, the research questions 
formulated as the aim of the thesis are discussed and compared to other published 
works.  

What is the influence of composition, crystallographic structure and orientation on 
the passive film and corrosion resistance? 

The papers in this thesis investigated the influence of the steel composition on the 
passive film and corrosion resistance. The corrosion resistance of stainless steels 
depends on the composition of the alloy and its microstructural component phases as 
well as the passive film properties. In this work, the high alloyed stainless steel 2507, 
both after AM, casting and rolling exhibited a much higher corrosion resistance than 
the lower alloyed LDX 2101 and the austenitic 316L and 301LN. This is attributed 
to the higher Cr, Mo and N content of 2507 compared to the other grades, which 
resulted in a higher PREN value 2. Pitting occurred in the ferrite in the duplex 
stainless steels investigated, explained by the lower PREN and Volta potential of 
ferrite compared to austenite. In general, pitting occurred at the zones where the 
highest gradient of Volta potential was measured, indicating a pitting process initiated 
by a microgalvanic effect. This has also been shown in other works such as the studies 
done by Bettini et al. 111,112,145.  

Even though the corrosion resistance differs appreciably between the different 
alloying grades, the results from the techniques used in this thesis surprisingly did 
not show a significant influence on the composition and thickness of the passive film. 
Some effect on the passive film is to be expected, as there is a large difference 
between the steel grades in the passive condition, but this clearly requires even more 
refined analysis, which may even be beyond the scope of techniques available today.  
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All the grades exhibited similar oxide thickness in the range between 2 and 3 nm, in 
agreement with other published work 10,75,146. For the multiphase alloys investigated, 
no significant difference in the thickness of the passive film was observed between 
the underlying phases, in line with other reported studies 10,146,147. Neither did the 
overall structure of the passive film showed any difference depending on the 
underlying phases. It consisted of an outer layer of Fe and Ni enriched oxide and an 
inner layer enriched in Cr, as described e.g. by Hakiki et al. and Benaioun et al. 
83,84,148. This observation is also in line with results from more advanced analytical 
techniques, such as synchrotron based HAXPEEM, which have reported that the 
inner layer consists of oxides while the outer layer consists of oxyhydroxides 146.  

However, the results from Paper II on the long-term heat treated 2507 using XPS 
showed that the composition of the passive film varied depending on the underlying 
phase. This has previously been investigated and discussed by several authors 
10,73,146,149. In duplex stainless steels, the differences in composition of the ferrite and 
austenite, such as higher Ni and N in austenite and Fe, Cr and Mo in ferrite can lead 
to different composition of the passive film. Långberg et al. reported differences in 
the Cr content between austenite and ferrite. The oxide on the ferrite had higher Cr 
than that on the austenite and this was attributed to the higher amount of this element 
in the ferrite and to the higher diffusivity of Cr than Fe 146. In this work, the passive 
film over the nitrides precipitated after the long heat treatment of 2507 differed from 
that on the other phases, having a higher nitrogen, oxygen and chromium content. 
This could be explained by the higher content of these elements in the nitrides. It is 
in line with the high Volta potential measured on the nitrides by SKPFM and its high 
corrosion resistance.  

This contradicts the results presented by Vignal et al. 147 and Olsson 73 showing 
homogenous composition of the passive film independent of the underlying phase 
structure. This lateral homogeneity of the passive film was attributed to the lateral 
diffusion of the elements. However, this has only been reported between the ferrite 
and austenite. The difference in composition between these phases it is not as large 
as the one investigated in Paper II between nitrides, sigma phase and austenite.  

The effect of the crystallographic structure (austenite or ferrite) and orientation on 
corrosion resistance was investigated in Paper IV. This paper is the first scientific 
publication on LDX 2101 using a combination of SEM-EBSD and SKPFM. The 
results showed that for LDX 2101 there was not a strong correlation between the 
Volta potential and the grain orientation. No dependence of the potential on the 
crystallographic orientation could be clearly distinguished. Similar potential values 
were measured for different plane orientations regardless of their packing density.  
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Lindell and Pettersson showed that crystallographic orientation has a small effect on 
pitting corrosion resistance but larger effect on uniform corrosion testing in sulphuric 
acid 150. Långberg et al reported small Cr content differences in the passive film 
depending on the grain orientation 146. This emphasizes the need for further 
investigations on the effect of orientation on both passive film properties and 
corrosion resistance.  

Can local techniques help the understanding of the effect of precipitated secondary 
phases on corrosion resistance?  

In Paper II and Paper V the effect of heat treatment on the microstructure and 
corrosion properties of stainless steels is elucidated. A combination of standard 
electrochemical tests, microstructural and compositional analysis and SKPFM was 
used to investigate the effect of the intermetallic phases formed after heat treatment 
on the corrosion resistance of stainless steels.  

The AM manufactured 2507 HPHT_SC with a slow cooling rate of 5 °C/min resulted 
in the formation of sigma phase. This intermetallic phase is commonly formed in the 
temperature range 600–1000 °C following the eutectoid reaction α ↔σ+ɣ2 where σ 
is sigma and ɣ2 secondary austenite 151. Sigma is rich in Cr and Mo, which can lead 
to a depletion of these elements in the surrounding matrix and thus, a decrease on the 
corrosion resistance, and PREN, as reported by Chen et al. on AM 316L 152. The slow 
cooled HPHT_SC had a distinctly lower CPT compared to the fast cooled HPHT 
2507. The corrosion attack propagated at the interface between ferrite and sigma 
phase, where there is the largest difference in Volta potential. Corrosion appears to 
have initiated due to micro galvanic attack related to the large difference in 
composition, and thus potential. The formation of sigma phase was not observed 
when using a high cooling rate for the HPHT process giving a balanced amount of 
ferrite and austenite in the duplex structure.  

Similar results were seen in Paper II for 2507 where corrosion initiated at the 
nitrides/sigma and austenite interphase where the Volta potential gradient is steepest. 
In that case, the precipitated secondary phases were sigma, nitrides and ε-phase that 
formed in a Cu containing 2507 after a long heat treatment. Nitrides were the noblest 
phase with the highest Volta potential, followed by sigma, austenite and finally the 
copper containing ε-phase. This is line with the findings from Bettini et al. and 
Sathirachinda 111,153. 

Both for the HPHT post-processing of AM and the long-term heat treatment of the 
Cu-2507 the combination of surface analytical techniques and SKPFM has thus 
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contributed to the understanding of the effect of precipitated secondary phases on the 
corrosion processes in stainless steels.  

What is the effect of deformation and cold rolling on the microstructure and 
corrosion resistance of stainless steels? 

The effect of deformation on the microstructure and corrosion resistance is treated in 
Paper I and Paper IV for 301LN and LDX 2101 respectively.  

Deformation by cold rolling of LDX 2101 resulted in the formation of slip bands, 
mechanical twins, and for the most deformed sample, austenite transformation into 
martensite, in agreement with previous published works, such as Bassani et al. and 
Örnek et al. on LDX 2101 and 2205 respectively 41,145. Martensite was observed in 
the most deformed material, LDX 2101-40%. The calculated value for Ms, the 
temperature where spontaneous transformation starts, suggested that martensite 
cannot be formed in non-deformed LDX 2101 at room temperature. However, the 
calculated Md30, the temperature where 50% of martensite is formed at 30% strain, 
was -20 ºC. Small amounts of martensite >10% are expected at room temperature 
when the material is under 30% strain 154. 

The deformation in the material was not homogenously distributed over the 
microstructure. Higher local misorientation was measured in the austenite compared 
to the ferrite, as well as in the grain boundaries. This is in contrast with results 
presented by Örnek on 2205, in which similar deformation was found for ferrite and 
austenite after cold rolling 145. This may be explained by the fact that LDX 2101 is 
lower alloyed than the 2205, so ferrite and austenite have different stability, SFE and 
deformation behaviour.  

Despite the pronounced effect of cold deformation on the microstructure of LDX 
2101, only a minor impact on the corrosion resistance was observed. The highest 
deformed LDX 2101 (40%) exhibited a decrease of CPT from 16 °C (undeformed 
material) to 12.7 °C. This lower CPT after deformation and formation of martensite 
is in line with other studies performed on lean duplex stainless steels. Breda et al. 
stated that the CPT of LDX 2101 and 2304 decreased after deformation while 2205 
and 2507 were not affected, this was attributed to difference on composition between 
the duplex grades and phase transformations induced by deformation 96.  

The combined use of EBSD and SKPFM in Paper IV can contribute to an explanation 
of the slightly decreased corrosion resistance due to deformation. Pitting occurred in 
the martensite for the most deformed specimen and in the ferrite for the least 
deformed. Martensite, with the same composition as the austenite from which it 
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formed, exhibited the lowest Volta potential, indicating that the decrease of corrosion 
resistance is due to deformation or grain orientation and not to composition. This 
supports the explanation first propounded by Lv et al. that the Volta potential 
decreases because deformation facilitates the movement of dislocations and increases 
the number of cation vacancies in the passive film, giving a more unstable and 
electrochemically reactive surface 103,104. There are several reports on the increase of 
dislocations after deformation, such as the work performed by Sarvghad et al. that 
showed that the dislocation density of an annealed steel is around 1010–1011 per m2 

and can increase to 1016 per m2 after cold rolling 155. Pitting was also initiated at the 
grain boundaries which exhibited a low Volta potential. This could be attributed to 
an increased concentration of dislocations at the grain boundaries as observed by the 
EBSD analysis of Kamaya 156.  

The decrease in corrosion resistance due to deformation may well also be related to 
changes in the passive film, for example defects caused by the motion of slip bands 
and increased concentration of donors and acceptors in the passive film 92,96,99. Lv 
reported that the concentration of cation vacancies in the passive film increased after 
deformation. The higher concentration of acceptors decreased the compactness of the 
oxide and thus, its corrosion resistance 157. This could also explain the lower Volta 
potential measured for the regions with the highest deformation.  

The results from this work, based on the techniques used, only showed a slight 
difference in the composition of the passive film after deformation. An increased Cr 
and Mo content in the passive film was observed for the deformed LDX 2101-40%. 
One explanation could be that the introduction of dislocations during deformation 
enhances the transportation of Mo and Cr to the passive film. However, no references 
have been found supporting this hypothesis, which should be further investigated 
through a higher resolution study. The thickness of the passive film measured by XPS 
was not affected by the deformation, being around 1.7-1.9 nm for the three different 
deformation conditions. However, a decrease of the density of the passive film after 
plastic deformation is expected 158. 

The decrease of Volta potential due to deformation was also seen in Paper I for 
301LN after plastic deformation. In that case both elastic and plastic deformation was 
investigated. When elastic stress was applied, the Volta potential increased while 
when plastic stress was applied the potential decreased.  

The higher potential under elastic stress may be attributed to an increase of nano-
roughness on the specimen surface, reaching the maximum level of potential at the 
limit of elastic/plastic deformation. Wang et al. 106 also explained the increase of 
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potential by a decrease of the atomic packing density and quantity of electrons in the 
metal surface layer. However, Nazarov et al. studied the effect of elastic and plastic 
load on the potential of 304 and only found an effect when a plastic load was applied 
while no effect was observed under elastic load 158. This is an interesting difference, 
which may be related to the difference in alloying level between the two austenitic 
grades, 304 versus 301LN.  

In contrast to elastic deformation, plastic deformation of 301LN as reported in Paper 
I decreased the Volta potential. This may be explained by the formation of slip bands, 
seen by AFM, that could rupture the passive film, creating zones with a lower Fermi 
level. A decrease of potential is also seen after transformation of metastable austenite 
to martensite as observed in Paper IV and reported by Silva et al. 92. Using SECM 
Nazarov et al. showed that the active surfaces generated after plastic deformation 
accelerate the electron transfer and the efficiency of the cathodic reaction 158.  

How harmful are thermal oxides from welding and how should they be removed?  

The results of this thesis showed that thermal oxides formed after welding are 
detrimental to the corrosion resistance of stainless steels. This is in line with the 
classic work performed by von Moltke et al. and Azuma et al. 57,61. All the welded 
joints studied in this work, both austenitic 316L and duplex 2507 with different 
combination of shielding gases and heat input, showed a decreased corrosion 
resistance compared to the corresponding base metal due to the presence of heat tints 
on the surface. Pitting occurred at the heat tint at specific locations from the fusion 
line. In-situ SVET investigation of the corrosion processes on the welded joints in a 
corrosive electrolyte showed selective oxide dissolution and increased current 
density. Such oxide dissolution has been reported in other works and explained by a 
combination of chemical and electrochemical reactions 24,57,61,70. The increased 
anodic activity measured by SVET indicated that the dissolution process is an 
electrochemical process; however, it does not exclude other non-electrochemical 
reactions that could take place in parallel. Equally, the current densities can partially 
be attributed to underlying metal oxidation.  

It was shown that the colour of the thermal oxides is not directly linked to the 
composition, but to the thickness, supporting the findings from von Moltke et al. 57. 
Similar oxide compositions with different thicknesses were measured at different 
locations from the fusion line with different levels of discoloration. The oxide was 
thinner and richer in Cr far away from the fusion line and thicker and richer in Fe 
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close to the fusion line. This indicates that it might not be possible to predict the 
corrosion resistance of a thermal oxide based on its level of discoloration.  

The anodic bands were observed with SVET between 1 and 4 mm from the fusion 
line. This corresponded to the purple-brown and dark-blue-purple oxide and the 
position where pits were found after CPT testing. The location of the pits is in 
agreement with the work of Westin et al. 21, who detected pitting between 1 and 2.5 
mm from the fusion line. However, the reason why pitting initiated there does not 
have a simple explanation. The oxides where pitting occurred had an outer layer of 
Fe-oxide and inner layer Cr-Fe-oxide. Somervuori, von Moltke and Pettersson 57,60,118 

indicated that pitting occurred primarily in areas dominated by iron oxide, however, 
the XPS results from this work showed that Fe-oxide is found at other distances from 
the fusion line where pitting did not occur. More research is still needed to fully 
understand the correlation between pitting and composition of the oxide, considering, 
for instance, the effect of thickness and porosity as well.  

Apart from the oxide composition, the presence of Cr depletion under the oxide has 
previously been discussed as a possible reason for the decreased corrosion resistance. 
Several authors have considered this a dominant factor in the impairment of corrosion 
resistance, due to diffusion of Cr from the bulk to the oxide, this is discussed by 
Moltke et al. 57, Kearns and Moller 62 and Somervuori 118. However, the results of the 
current work from XPS investigations support the findings by Turner and Robinson, 
who reported no chromium depleted zone beneath the thermal oxides 56. The XPS 
analyses did not show any Cr depleted region under the thermal oxides in any of the 
welded joints investigated independent of the steel grade, shielding gas and distance 
from the fusion line. Westin et al. suggested that the absence of a Cr depleted layer 
could be due to evaporation of Cr during the welding process and deposition on 
another location of the welded joint 21.  

The conclusion is that the anodic activity of the thermal oxides seems to be related to 
both the composition and the thickness of the oxide. Pitting initiated at the oxide with 
the highest Fe/Cr ratio and thinnest inner Cr-oxide. The ratio between O and 
Fe/Cr/Mn content indicated that the oxides are non-stoichiometric. The outer layer 
showed a deficiency of O that could lead to reactive oxide with a high concentration 
of Fe2+ and Mn2+ states. The inner Cr-Fe oxide layer could instead decrease the oxide 
reactivity. One possible justification of the location of the pits could be related to 
chlorides adsorption in the porous oxide, reacting with the Cr in the base metal, which 
could decrease the local pH and cause pit initiation. 
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The anodic activity measured with the SVET was still observed after post-weld 
cleaning using brushing but disappeared when pickling was applied, indicating that 
residual oxides were still remaining after brushing.  

What is it the effect of additive manufacturing and HIP post-processes on the 
microstructure and corrosion resistance of stainless steels? 

Additive manufacturing is a relatively new manufacturing process which is still under 
development to obtain the best material properties based on the control of printing 
and post-processing parameters. Additively manufactured austenitic stainless steels 
have been broadly investigated 45,152,159,160, however there is to date little research 
done on duplex stainless steels as its dual microstructure increase the complexity of 
the process. In this work AM duplex stainless steel 2507 has been successfully 
manufactured with excellent corrosion properties. Paper V is one of the first 
publications on AM 2507 and contributes to the understanding of the effect of 
different post-processing parameters on the corrosion resistance of AM 2507. 

The results from this work showed that AM 2507 stainless steel microstructure is 
strongly influenced by the post-processes parameters used. The rapid heating and 
cooling during printing gave a nonequilibrium microstructure with ferrite as the 
dominant phase. Post-processing, such as heat treatments or HIP combined heat 
treatments (HPHT), were required to obtain a duplex microstructure. The HIP process 
was also shown to be beneficial to decrease porosity remaining from the as-built 
condition, in line with the studies done by Liverani et al. 51,55.  

AM 2507 HPHT treated exhibited a higher fraction of austenite than conventional 
material 6. During the solidification process of DSS, austenite is formed at the ferritic 
grain boundaries by a solid-state transformation and the higher fraction of austenite 
in AM 2507 is attributed to the annealing or HPHT processes where additional 
austenite is formed, as shown by Paula et al. on SLM 2205 44.  

The corrosion resistance of AM 2507 was affected by the printing and post-
processing parameters. Both AM 2507 HT and AM 2507 HPHT exhibited excellent 
corrosion resistance similar or higher than conventionally manufactured 2507. This 
higher corrosion resistance can be attributed to several factors such as variations in 
composition or segregation, reduction in porosity, and the effect of residual stresses 
or grain size 43. Each of these factors is considered in the text below:  
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The AM 2507 had a similar composition and PREN to the conventional 2507, so this 
is not considered as a main factor contributing to the higher corrosion resistance of 
AM 2507.  

The second considered factor is porosity, as pores may act as local corrosion initiators 
as their geometry promotes stagnation of the electrolyte and increases the 
concentration of Cl-. Porosity decreased after HIP processing, with 99.89 vol.% 
density for AB+HT and 99.99 vol.% for HPHT and HPHT_SC, being the highest for 
the reference cast material. This could explain the lower corrosion resistance 
measured for the REF cast compared to the AM materials.  

AM 2507 exhibited a refined microstructure with small grain size compared to the 
reference material. This may have a beneficial effect on corrosion resistance as 
Sander et al. summarised in the review on corrosion of AM alloys 43.  

Another factor considered is the fraction of austenite/ferrite in the microstructure 
which can have a significant impact on the corrosion resistance considering that 
austenite and ferrite have different composition, and thus, corrosion resistance. 
Ferrite is often more sensitive to local corrosion than austenite, which is explained 
by the lower Volta potential measured on this phase compared to the austenite, as 
seen for LDX 2101 in Paper IV and 2507 in Paper V.  

Residual stresses, originated in AM materials due to uneven heat distribution and 
rapid cooling, can affect the passive film and corrosion resistance of stainless steels. 
As shown in Paper I and IV, Volta potential can be affected by the presence of 
residual stresses. However, for the AM investigation, the SKPFM measurements 
showed similar average Volta potential values over the AM materials, independently 
of the post-process indicating that residual stresses did not have a major impact on 
the corrosion resistance.  

Thus, the excellent corrosion resistance of AM 2507 may be explained by a 
combination of different factors where a refined microstructure, low porosity and 
absence of slag or oxides particles play an important role.  

It should also be emphasized that this study was only focused on bulk microstructures 
as cross-sections specimens were taken from printed columns. Testing of as-printed 
and post-processed surfaces might give different results as corrosion resistance is 
influenced by surface roughness, presence of cracks, pores, and oxide layers 43,161. 
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How can local techniques help us to understand and predict corrosion resistance 
of stainless steels?  

The results of this work have shown that a combined of surface analytical and local 
electrochemical techniques such as XPS, AES, GDOES, SEM-EBSD, SVET and 
SKPFM, together with other more common and standard corrosion tests can 
contribute to understand corrosion processes in stainless steels during manufacturing, 
processing and service.  

The studies done in this work have shown that SKPFM and its ability to map the 
potential of the phases in an heterogenous microstructure is highly useful for 
identifying weak points in the microstructures where corrosion could initiate. The 
Volta potential has been shown to be a powerful tool to evaluate the relative nobility 
of local features in the microstructure of metallic materials, with a nanometre 
resolution. The potential, correlated to the behaviour of electrons on the metallic 
surface which can be involved in electrochemical reactions, can indicate the driving 
force for a metal to corrode 140. SEM-EBSD together with SKPFM is a potential tool 
to elucidate the relation between deformation, phases, crystallographic orientation at 
microscopic level and local corrosion resistance.  

However, SKPFM is a qualitative technique that does not allow quantification of the 
corrosion resistance. The results, presented as a potential map, are often given as 
relative to a platinum probe, and are flattened to obtain an absolute scale. The 
different zones in a map are compared depending on their level of potential without 
considering the real potential value and comparing it with other measurements of 
other steel types. The Volta potential (between the specimen and the probe) may be 
used as an indicator of local corrosion resistance of stainless steels, but it cannot be 
used directly as a comparison between different alloys as the potential value is 
extremely surface sensitive and depends on several parameters such as composition, 
surface oxide, deformation, humidity, temperature and sample preparation 135.  

Analytical techniques such as AES, XPS and GDOES have also shown to be valuable 
methods to elucidate the effect of process parameters on passive film properties. 
However, these techniques are highly surface sensitivity and controlled sample 
preparation is crucial to obtain reliable results.  

SVET is an excellent technique for examining in-situ anodic and cathodic reactions 
taking place at the metal surface when immersed in a corrosive electrolyte. Its lateral 
resolution of tens-hundreds of micrometres makes it suitable for corrosion 
investigations of materials with large features (>50 µm), such as for instance welded 
joints, coatings or clad material.  
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Even though these techniques are powerful tools to predict and detect corrosion 
activity at a local level they have some limitations. Most of these techniques require 
a highly qualified operator as they are dealing with small instrument parts such as 
probes and micro electrodes. They are also time-consuming as they often require 
calibration prior to testing and each test can require several hours. Rohwerder and 
Turcu raised some concerns on the interpretation of possible artefacts on the results 
obtained by SKPFM, such as the need of calibration processes to ensure the reliability 
of data when long-term measurements are performed 140. More controlled testing 
parameters may even allow the calibration of SKPFM results to real corrosion 
potential data, as in the work presented by Cook et al. 162. Another limitation of 
SKPFM is that the Volta potential maps are done in air. The corrosion behaviour of 
the steels in service can differ from the results obtained from the SKPFM as they will 
be exposed to more complex environment with different pH and temperature that can 
affect the stability of the oxide which cannot be predicted by SKPFM. Thus, it may 
be beneficial to combine SKPFM with in-situ AFM where the specimen is immersed 
in a corrosive electrolyte and the corrosion progress is evaluated in terms of 
topographical changes at the microscopic level. SVET can also be used to investigate 
in-situ the corrosion processes of different zones of the steel surface in a corrosive 
electrolyte, however, its low resolution (50 µm) does not allow to correlate it to the 
activity of specific phases in the microstructure. Another technique for localised 
corrosion studies, outside the scope of this work, is Scanning Electrochemical 
Microscopy (SECM) which allows monitoring of corrosion products and, similar to 
SVET but with a higher lateral resolution, mapping of current activity on the metal 
surface 163. 
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9 Conclusions 

This thesis has focused on industrially relevant questions regarding the influence of 
process variables, from manufacturing to fabrication and application, on the 
corrosion resistance of stainless steels based on changes of the microstructure, the 
passive film, the local corrosion resistance, and the electrochemical response.  

It has been demonstrated that surface and microstructure analytical local techniques, 
such as AES, XPS, SEM-EBSD, combined with local electrochemical techniques, as 
SVET and SKP/SKPFM, are powerful tools for investigating and understanding 
corrosion phenomena on stainless alloys.  

The following conclusions can be drawn from this study:  

• Effect of deformation and cold rolling on the microstructure and corrosion 
resistance of stainless steels 

Cold deformation on lean duplex LDX 2101 induced changes in the 
microstructure, such as mechanical twining and martensite formation for the 
highest thickness reduction (40%), but did not affect the measured passive film 
properties. The critical pitting temperature decreased slightly, and this was 
attributed to the increased number of dislocations and passive film rupture, both 
related to the formation of martensite and increased local misorientation. Thanks 
to the combined used of EBSD and SKPFM the zones with highest pitting 
susceptibility were identified as the zones with the lowest Volta potential and 
highest local misorientation. Elastic deformation increased the Volta potential of 
301LN while plastic deformation decreased it; this was attributed to the 
formation of slip bands seen by AFM. Paper IV is the first work done on LDX 
2101 using SKPFM and EBSD for deformation corrosion studies. Based on 
SEM-EBSD/SKPFM/SKP results it was concluded that Volta potential is 
dependent on the passive film thickness (Paper I) and the level of deformation, 
but not significantly on the crystallographic orientation (Paper IV). SKP and 
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SKPFM proved to be valuable local techniques to investigate the effect of 
deformation on the corrosion resistance without application of an electrolyte. 

• Effect of precipitated secondary phases on corrosion resistance 

Both for the AM 2507 HPHT post-processing and the long-term heat treatment 
of the Cu-2507 it was shown that the combination of surface analytical 
techniques and SKPFM contributed to the understanding of the effect of 
precipitated secondary phases on the corrosion processes in stainless steels. 
Zones with lowest corrosion resistance were identified as the zones with the 
highest potential gradient, such as at the interphase between precipitated 
secondary phases, nitrides and sigma phase, and the matrix. Paper V is the first 
report on the effect of post-processing on the corrosion resistance of AM 2507 
using SKPFM and EBSD. 

• Effect of thermal oxides from welding on corrosion resistance and efficiency of 
oxide removal processes  

Welding altered the passivity of stainless steels due to formation of thermal 
oxides at high temperatures. The results from Paper III showed that thermal 
oxides on 2507 and 316L are detrimental to corrosion resistance. For the first 
time, using SVET and XPS, it was demonstrated that pitting initiation was linked 
to anodic activity on the weld areas with thermal oxides where the oxide had the 
highest Fe/Cr ratio and thinnest inner Cr-oxide. In contrast to other works, there 
were no indications of any role of chromium depletion effect beneath the oxide. 
Pitting could not be linked solely to the presence of Fe-oxides as this type of 
oxide was present at other distances from the weld where pitting did not occur. 
The corrosion resistance of the stainless steel welds was restored by a 
combination of brushing and pickling, which have a high CPT and no anodic 
activity during SVET testing. 

• Effect of additive manufacturing and HIP post-processes on the microstructure 
and corrosion resistance of stainless steels 

2507 successfully manufactured by LPBF exhibited similar or even higher 
corrosion resistance than conventional material when the right post-processing 
parameters were applied. Using EBSD, SKPFM and corrosion testing it was 
shown that heat treatment parameters such as time, temperature and cooling rate 
have a strong influence on the corrosion resistance. The highest corrosion 
resistance was obtained for AM 2507 HPHT with fast cooling and was attributed 
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to a refined microstructure, with high density and an absence of slag or oxide 
particles. Paper V is one of the first publication on the effect of printing and post-
processing on AM 2507 

• Use of local techniques to understand and predict corrosion resistance of 
stainless steels: considerations and limitations 

A combined use of surface analytical and local electrochemical techniques such 
as XPS, AES, GDOES, SEM-EBSD, SVET and SKPFM, together with other 
more common and standard corrosion tests can contribute to understand 
corrosion processes in stainless steels during manufacturing, process and in-
service. 

The combined used of EBSD and SKPFM has been shown to be a powerful tool 
to evaluate the relative nobility of local features in the microstructure of metallic 
materials, with a nanometre resolution. It is very useful to identify weak points 
in the microstructure or to evaluate the effect of deformation without the need of 
exposure in an electrolyte.  

SVET appeared to be an excellent technique to detect small anodic activities 
from the remaining thermal oxides after post-weld cleaning and understand the 
pitting corrosion processes in stainless steel welded joints with thermal oxides.  

Even though these techniques are powerful to predict and detect corrosion 
activities at a local level they have some limitations. Rigorous calibration and 
sample preparation are crucial when using these techniques in order to obtain 
reproducible and trustable results.  
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10 Future work 

This work has contributed with new insights into the effect of manufacturing and 
processing on corrosion resistance of stainless steels, but there are still several 
questions which merit deeper study.  

The effect of deformation both elastic and plastic on the passive film properties and 
on the Volta potential is not fully understood yet. This work was only focused on 
LDX 2101 and 301LN. It could be very interesting to compare the results with other 
higher alloyed steels under the same deformation conditions to separate the effect of 
martensite formation as well as to map the passive film properties (thickness and 
composition) over the same zones analysed by SKPFM and EBSD. Other techniques 
as AFM and TEM could be used to characterise the presence of slip bands and 
twining. LEIS could also be used to investigate other properties of the passive film 
as the capacitance and resistance or the diffusion/migration of vacancies originated 
by the deformation. The increased Volta potential after elastic deformation needs to 
be further investigated as there are very few works on it and no clear explanations.  

For thermal oxides it has been debated whether pitting was connected to the presence 
of Cr depleted region or to Fe-oxides. The results from this work showed that pitting 
was not related unequivocally to either of these factors. The small width and complex 
structure of each type of oxide makes the correlation to pitting difficult. Thus, it could 
be interesting to use thermal simulation to create larger areas of the different oxides 
seen on the welded joint under different atmospheres. Separate specimens could be 
evaluated in terms of composition and thickness of the oxide and corrosion resistance. 
Technologically the question of alternative oxide removal methods to pickling that 
ensure high corrosion resistance, but do not have a large impact on the health and 
environment, is very important.  

Concerning the AM investigation of this work it should be highlighted that it was 
only focused on the bulk microstructure and corrosion properties. In order to assess 
the corrosion resistance of AM products at the final application, it is necessary to also 
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test complex geometries and as-printed surfaces of AM components. This would 
probably give different results than the ones obtained as the corrosion resistance will 
be influenced by the presence of heat tint, surface roughness, cracks, and crevice 
geometries. A wider range of process variables and post treatments for AM products 
could be investigated, to either reduce the formation of heat tints during printing or 
HPHT or to optimize oxide removal processes that ensure a high corrosion resistant 
material. The use of a combination of local techniques would also be a potential tool 
to investigate stress corrosion cracking (SCC) in SS AM for optimal printing 
parameters and microstructure design.  

The combined use of surface and microstructural analytical techniques and local 
electrochemical techniques could be used for investigating the properties of stainless 
steels after other new and modified manufacturing and production methods. It could 
as well be applied for evaluating the performance of new alloy designs with specific 
surface oxides for relevant applications such as fuel cells or hydrogen gas 
applications. These new techniques would require method development such as in-
situ heating or controlled gases chambers during SKPFM measurements.  
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