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Sammanfattning  

Nyckelord: Superduplexa rostfria stål; svetsning; fysisk simulering; fasbalans; 

utskiljningar; sekundära faser; korrosion; kväveförlust; bågvärmebehandling; 

materialkarakterisering; produktionsteknik 

Om superduplexa rostfria stål exponeras för höga temperaturer vid användning, 

bearbetning eller svetsning finns risk för förändringar i ferrit/austenitbalansen 

alternativt utskiljning av oönskade faser. Undersökningen syftade därför till att 

förbättra kunskapen om inverkan av termiska cykler på mikrostruktur och 

egenskaper hos superduplexa stål och svetsgods. Kontrollerade och repeterbara 

termiska cykler åstadkoms med hjälp av de innovativa multipel TIG-

uppsmältning och bågvärmebehandlingsmetoderna. Med den första metoden 

TIG-uppsmältes plåt en till fyra gånger utan tillsatsmaterial. Vid 

bågvärmebehandlingen användes en stationär ljusbåge för att skapa en stabil 

temperaturgradient, i ett cirkulärt prov monterat på en vattenkyld kammare, för 

tider från 30 sekunder till 10 timmar. Mikrostruktur och egenskaper utvärderades 

därefter och kopplades till den termiska historien genom mätning av termiska 

cykler, termodynamiska beräkningar och modellering av temperaturfält. 

Studier av återuppsmältning visade att kväveförlust från smältan styrdes av 

värmetillförseln och ursprungligt kväveinnehåll och kunde resultera i mycket 

ferritiska mikrostrukturer. Värmepåverkade zoner var känsliga för lokal korrosion 

på grund av nitridbildning intill smältgränsen och sigmafasutskiljning i områden 

exponerade för maximala temperaturer mellan 828°C och 1028°C. Total tid i det 

kritiska temperaturintervallet, maximal temperatur och antalet termiska cykler var 

de mest relevanta kriterierna vid utvärdering av risken för utskiljning av sigmafas. 

Formler togs fram vilka förutsäger en större kväveförlust för högre sträckenergi 

och material med högre kvävehalt. En praktisk rekommendation är att det är 

fördelaktigt att svetsa med få strängar, även om detta leder till en högre 

värmetillförsel, eftersom repeterad uppvärmning gynnar utskiljning av oönskade 

faser.  

Bågvärmebehandlingen producerade superduplexa stål och svetsgods vars 

mikrostruktur varierade kontinuerligt längs temperaturgradienterna de exponerats 

för. Ett helt ferritiskt område bildades för de högsta temperaturerna på grund av 

kväveförluster i fast fas, utskiljning av nitrider, sigma-, chi- och R-fas med olika 

morfologier ägde rum vid 550-1010°C och spinodalt sönderfall av ferrit <500°C. 

Strukturändringarna orsakade sensibilisering och/eller ökad hårdhet och 

sprödhet. Resultaten sammanfattades som tid-temperatur-utskiljnings och 

egenskaps-diagram för stål och svetsgods.
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High-temperature processing and application of super duplex stainless steel 

(SDSS) are associated with the risk of changes in the ferrite/austenite balance and 

precipitation of secondary phases. This study was therefore aimed at improving 

knowledge about effects of thermal cycles on the microstructure and properties 

of SDSS base and weld metal. Controlled and repeatable thermal cycles were 

physically simulated using the innovative multiple TIG reheating/remelting and 

the arc heat treatment techniques. In the first technique, one to four autogenous 

TIG-remelting passes were applied. During arc heat treatment, a stationary arc 

was applied on a disc mounted on a water-cooled chamber thereby subjecting the 

material to a steady state temperature gradient from 0.5 minute to 600 minutes. 

Microstructures and properties were assessed and linked to thermal history 

through thermal cycle analysis, thermodynamic calculations and temperature field 

modelling, 

Remelting studies showed that nitrogen loss from the melt pool was a function 

of arc energy and initial nitrogen content and could cause highly ferritic 

microstructures. Heat affected zones were sensitized by nitride formation next to 

the fusion boundary and sigma phase precipitation in regions subjected to peak 

temperatures of 828-1028°C. Accumulated time in the critical temperature range, 

peak temperature and the number of thermal cycles are the most relevant criteria 

when evaluating the risk of sigma phase precipitation.  

Arc heat treatment produced graded microstructures in SDSS base and weld metal 

with the formation of a ferritic region at high temperature due to solid-state 

nitrogen loss, precipitation of sigma, chi, nitrides, and R-phase with different 

morphologies at 550-1010°C and spinodal decomposition below 500°C. This 

caused sensitization and/or increased hardness and embrittlement. Results were 

summarized as time-temperature-precipitation and properties diagrams for base 

and weld metal together with guidelines for processing and welding of SDSS. 
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1 Introduction 

The last two decades have seen a trend towards a growing application of duplex 
stainless steel (DSS) in for example oil, gas and chemical industries as well as 
desalination plants and structural components. Storage tanks in pulp and paper 
and petrochemical industry, cargo tanks and pipe systems in chemical tankers and 
heat exchangers in oil and gas industry are only a few examples of applications. 
Duplex stainless steels are an excellent choice when high corrosion resistance and 
superior mechanical properties are required. The production and processing of 
duplex stainless steels, however, are sometimes technically challenging due to 
their metallurgical characteristics. 

In this chapter a general background about DSS is presented. The knowledge gap 
regarding welding and processing of these steels is identified thereby providing 
the generic aims of the thesis. Finally, the objective and specific research questions 
of the present work are introduced.  

1.1 Background 

Duplex stainless steels have a two-phase microstructure consisting of ferrite and 
austenite as shown in Figure 1. These steels show an attractive combination of 
mechanical properties and corrosion resistance thanks to their duplex 
microstructure. 

 

Figure 1: Microstructure of duplex stainless steels wrought base material and weld 
metal. The matrix phase is ferrite in both microstructures. The dark phase is ferrite 

and the bright phase is austenite.  
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DSS emerged in the 1930s as casting alloys as it was understood that ferrite 

enhanced the resistance against hot cracking. Interestingly, the duplex structure 

presented also other excellent material properties such as high strength and 

intergranular corrosion resistance. In the 1940s, however, it was found that 

weldability was a major problem in processing of these steels. A low austenite 

content in the heat affected zone (HAZ) of DSS welds, often around and below 

30 %, significantly decreased hot workability and toughness of the welded 

structures. Achieving a higher austenite content around 50 % was only possible 

by adding extra carbon, resulting in local corrosion in the HAZ [1]. 

In the 1960s it was realized that austenitic stainless steels have low resistance 

against stress corrosion cracking (SCC) in critical environments. This, therefore, 

became a driving force to improve the properties of the existing DSS. Nitrogen 

additions improved the properties of HAZ by enhancing austenite formation [1] 

and the introduction of the argon-oxygen decarburization (AOD) technique made 

reduction of the carbon content to extremely low levels possible [2].  

Duplex stainless steels are in many cases a cost effective choice, compared to 

austenitic ones, thanks to their higher specific strength and SCC resistance. They, 

therefore, are an alternative to austenitic stainless steels if requirements are met 

[3, 4].  

Super duplex stainless steel (SDSS) is one subgroup of DSS with very high 

corrosion resistance and mechanical properties, thanks to the high content of 

alloying elements. The 2507 type SDSS (UNS S32750, EN 1.4410), with a nominal 

composition of 25 wt.% Cr, 7 wt.% Ni, 4 wt.% Mo and 0.28 wt.% N, is a widely 

used and well-known SDSS. Typical yield and ultimate tensile strengths are 580 

MPa and 830 MPa. This alloy has high resistance to local corrosion and good 

resistance to SCC, comparable to the corrosion resistance of superaustenitic 

grades [5]. 

Production technology of DSS, including welding, hot rolling, and heat treatment, 

becomes more challenging with increasing the content of alloying elements such 

as for super duplex stainless steels due to an increased risk of the precipitation of 

deleterious phases, which dramatically can ruin the mechanical properties and 

corrosion resistance.  

Time-temperature precipitation (TTP) and continuous cooling transformation 
(CCT) diagrams are important tools to avoid formation of unwanted phases 
during welding and processing of DSS. The conventional way to produce TTP 
and CCT diagrams is to heat treat a large number of samples, with each point in 
TTP diagrams representing the result of evaluation of a heat treatment performed 
at a specific time and temperature. The method is time consuming and fails to 
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simulate welding cycles, because heating and cooling rates during welding are 
normally faster than furnace responses. Physical simulation of materials 
processing has become an effective way to investigate the influence of possible 
materials processing routes on the final properties in laboratory scale. The DSI 
Systems Gleeble TM thermal-mechanical-simulator, for example, is widely used in 
simulation of weld heat affected zones [6, 7], and is also capable of applying 
thermo-mechanical treatments [8, 9]. These simulators, however, are expensive 
and applied temperature gradients are often quite different to those experienced 
in real welding.  

1.2 Knowledge gap 
How to best and most efficiently weld and process super duplex stainless steels 

are key questions to producers, suppliers, fabricators and end-users. A 

considerable amount of research has been performed in order to define welding 

criteria; however it mostly covers single pass welding. Joint preparation, heat 

input, filler metal, interpass temperature and shielding gas are the main welding 

variables provided in different guidelines [10-14].  

As an example of where information is lacking, super duplex stainless steels are 

increasingly used for thicker components which require multipass welding for 

their fabrication. However specific welding recommendations for the complex 

thermal cycles experienced in multipass welding are usually not available. Issues 

where there is a lack of information include: 

 Avoiding precipitation of deleterious secondary phases in multipass 

welding. 

 Ensuring a proper ferrite content in welds. 

 Avoiding problems in autogenous repair welding. 

 Predicting nitrogen loss and possible effects of this. 

 Sensitization and corrosion behaviour of highly alloyed duplex stainless 

steels weld and heat affected zones after experiencing complex thermal 

cycles. 

 Influence of short and long post weld heat treatment on base material 

and weld metal microstructure and properties  

 TTP diagrams for the wrought base material and weld metals. 

 Applicability of thermodynamic calculations to predict phase fractions in 

the wrought base material and in weld metals. 

The above mentioned points are little studied and there are conflicting views 

among researchers and engineers. 
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New cost and time effective approaches are also needed to physically simulate 

DSS welding and aging treatments to fill the above mentioned knowledge gaps.  

1.3 Objective and research questions 

Based on the identified knowledge gap for welding and processing of highly 

alloyed DSS an objective was formulated:  

 To gain knowledge about how multiple thermal cycles and aging heat 

treatments influence the evolution of the microstructure and properties 

of super duplex stainless steel base material and welds.  

 

By achieving this objective, the guidelines for heat treatment, welding, and post 

weld heat treatment of super duplex stainless steels can be improved. It therefore 

decreases waste of material caused by the use of improper processing parameters 

resulting in degradation of properties and possibly in-service failure.   

 To achieve the objective, the following research questions were formulated and 

addressed: 

• Experimental: 
1. How to accurately and in a controlled way physically simulate relevant 

thermal cycles? 
2. How to evaluate the microstructure and properties of physically 

simulated materials? 
 

• Evaluation: 
3. What are the resulting microstructural features after physical 

simulation? 
4. What is the effect of the resulting microstructural features on 

mechanical properties and corrosion resistance? 
5. What are the kinetics of nitrogen loss and its effects on the 

microstructure? 
 

• Prediction: 
6. Can thermodynamic calculations be used to predict phase balance for 

the physically simulated SDSS and weld metals? 
 

• Tools 
 

7. What are the time-temperature precipitation and properties diagrams 
for the SDSS base material and weld metal? 
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2 Super duplex stainless steels 

Duplex stainless steels have been developing rapidly during the last decades. They 

are commonly grouped based on their chemical composition and corrosion 

properties expressed as pitting resistance equivalent considering nitrogen, 

chromium and molybdenum content (PREN). The chemical composition, PREN 

and strength of some DSS are presented in Table 1. 

Early duplex stainless steels did not have good weldability because of limited 

austenite reformation in HAZ. Later generations, on the other hand, have been 

designed to have good weldability with sufficiently rapid austenite formation to 

achieve a balanced microstructure during normal welding thermal cycles. This 

improvement is due to nitrogen as an active alloy constituent [12].  

Super duplex stainless steels, defined as DSS with a PREN value (PREN = % Cr 

+3.3% Mo + 16%N) exceeding 40, present excellent corrosion resistance and 

superior strength. These alloys can therefore be utilized where extraordinary stress 

corrosion cracking and pitting resistance are required. Super duplex stainless steels 

are, consequently,  perfect alternatives to the highly alloyed super austenitic 

stainless steels in many applications [3].  

The presence of ferrite in SDSS restricts their possible applications at high and 

low temperatures. Toughness is limited at cryogenic temperature [15] and 

decomposition of ferrite is an obstacle for applications above 250°C [16]. Welding 

and processing of SDSS can also be challenging and a major reason is their 

tendency to form undesired phases on heating to high temperatures, as they ruin 

mechanical properties and corrosion resistance.   
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Table 1: Designation, composition and typical properties of some duplex stainless 
steels. 

EN/ 

UNS 

No. 

Common 

designation 

Chemical composition  

(wt.%) 

UTS  

(MPa) 
PREN* 

  Cr Ni Mo N Cu    

Early grade 

1.4460/ 

S32900 
329 25 5.5 1.7 0.09   750 32.0 

Lean duplex 

1.4162/ 

S32101 
LDX 2101 ® 21.5 1.5 0.3 0.22 0.3  700 26.0 

Standard 22 % Cr duplex 

1.4462/ 

S31803 
2205 22 5.3 2.8 0.16   750 34.0 

25 % Cr duplex 

1.4507/ 

S32550 
255 26 5.5 3 0.17 1.7  760 38.6 

Super duplex 

1.4410/ 

S32750 
2507 25 7 4 0.27   830 42.5 

Hyper duplex 

/ 

S32707 
SAF 2707 TM 27 6.5 4.8 0.4   1010 49.2 

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

 

2.1 Physical metallurgy and microstructure  

A ferritic-austenitic microstructure is the main microstructural characteristic of 

duplex stainless steels (Figure 1). A Fe-Cr-Ni phase diagram for 70 wt.% Fe is 

presented in Figure 2. The composition of a possible DSS alloy is indicated in the 

phase diagram by the vertical dashed line. The liquid solidifies as ferrite and 

austenite precipitates in a fully ferritic microstructure. This ferritic-austenitic 

microstructure is the desired final microstructure for DSS. Quenching is therefore 

necessary after hot rolling in the ferritic-austenitic region of the phase diagram to 

avoid precipitation of unwanted secondary phases and to achieve a phase balance 

close to a ratio of 50/50. A wide range of deleterious secondary phases can 
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precipitate below 1000°C if cooling is too slow or if, by accident, a heat treatment 
is performed at these temperatures (See 2.1.2). 

 

Figure 2: Fe-Cr-Ni phase diagram for 70 wt.% Fe. The shaded area illustrates 
possible duplex stainless steel compositions. Note the occurrence of secondary 

phases at lower temperatures (after Ref [10]). 

2.1.1 Desired microstructure 

Super duplex stainless steels have a ferritic-austenitic structure microstructure and 
hot-rolled material has grains elongated in the rolling direction (see Figure 1). The 
ferrite/austenite ratio will influence the properties of DSS. It has been stated in 
the American Petroleum Industry (API) Report 938-C that ferrite content in DSS 
shall be within the range of 30 - 65 % [17]. However it has been claimed that the 
best properties are obtained when the ferrite content is about 50 % [10]. 

2.1.2 Secondary phases 

A schematic TTP diagram of DSS is shown in Figure 3. The contents of alloying 
elements have direct effects on the precipitation behavior of different phases. As 
diffusion in ferrite is faster than that in austenite, most reactions occur more 
rapidly in ferrite [18]. The characteristics of the most important precipitates are 
presented in Table 2 and discussed in the following sections. 

δ 
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Figure 3: Schematic time-temperature precipitation diagram of duplex stainless steels 
(after Ref [19]).    

Sigma phase 
Sigma phase (σ) is the most well-known deleterious phase precipitating in DSS. It 

precipitates in less than 30 s in SDSS at the nose temperature of TTP diagram. It 

is a Fe-Cr-Mo rich phase with a tetragonal structure. The atomic lattice sites can 

be filled by different elements based on the chemical composition of the DSS 

alloy. Common sites for precipitation of σ are δ /γ phase boundaries [20]. The 

stability range is between approximately 600°C and 1100°C depending on steel 

composition [21]. A more coral-shaped morphology is found at lower 

temperatures, while  σ precipitates are more blocky at higher temperatures [18]. 
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Table 2: Different phases in DSS (after Ref [20]). 

Phase 
Nominal 

composition 

Temperature range 

(°C) 

Ferrite - - 

Austenite - - 

σ phase Fe-Cr-Mo 600-1000 

χ phase Fe36Cr12Mo10 700-900 

Chromium nitride Cr2N 700-900 

R phase Fe-Cr-Mo 550-700 

τ phase Not determined 550-650 

π nitride Fe7Mo13N4 550-600 

ε Cu Cu 300-550 

 

Chi phase 
Chi (χ) is a cubic Mo-rich intermetallic phase precipitating in the temperature 

range 700°C to 900°C. It may contain up to 28 wt.% Cr and 22 wt.% Mo and 

precipitates in smaller quantities compared to σ. Nucleation of χ is fast due to its 

cubic structure while its growth rate is slow. Chi is usually considered to be an 

intermediate  phase which is replaced by sigma phase at longer aging times [18, 

20]. 

Chromium nitrides 
Chromium nitrides can precipitate with two different mechanisms: equilibrium 

and non-equilibrium mechanisms [20]. Equilibrium nitrides precipitate during 

isothermal aging. They are CrN (cubic) or Cr2N (hexagonal) and precipitate on 

δ/γ or δ/δ boundaries. They can also be found inside austenite close to phase 

boundaries due to the growth of secondary austenite into ferrite [22]. Non-

equilibrium nitrides, on the other hand, precipitate in samples experiencing 

heating to high peak temperatures followed by rapid cooling which is typical for 

welding and are typically found inside ferrite grains.  

R phase 
R phase is a trigonal Fe-Mo-Cr phase and precipitates in the temperature range 

of 550-700°C [23]. The chemical composition is typically 16-30 wt.% Cr, 3-5 wt.% 

Ni, and 25-40 wt.% Mo (rest Fe) [24]. 

Newly formed austenite 
Decomposition of ferrite to intermetallics and chromium nitrides results in the 

precipitation of austenite. It forms at lower temperatures when the duplex 
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microstructure has been shaped. Two sites for the precipitation of this type of 

austenite are seen in aged wrought structures: inside ferrite grains and on austenite 

grains [22]. 

Decomposition of ferrite  
A miscibility gap is present in the iron-chromium phase diagram below 500°C. 

At these temperatures, ferrite is decomposed into chromium-rich (α’) and iron-

rich ferrite (α) with two possible mechanisms: “spinodal decomposition” and 

“nucleation and growth”. No nucleation is occurring for spinodal decomposition. 

The decomposition takes place on a very fine scale (around 10 nm) and is usually 

seen through its effect on hardness [20, 25]. A toughness loss of 50% has been 

reported by Outokumpu [5] after only 3 min aging of 2507 SDSS at 475°C. 

However, except for Outokumpu’s handbook [5], no references have reported 

such a fast degradation of properties at this temperature.  

Other secondary phases 
Other phases, such as τ, π-nitride, Laves, G, and Cu-clusters may also precipitate 

in DSS at lower temperatures and longer times.  

2.2 Mechanical properties 

Mechanical properties of super duplex stainless steels are described as a mixture 

of properties of austenite and ferrite. Toughness from austenite and strength from 

ferrite making it a compound material that can be used in a wide range of 

applications. Interestingly, their strength is higher than both austenitic and ferritic 

stainless steels due to their finer microstructure [20].  

Super duplex stainless steels have excellent mechanical properties at temperatures 

up to about 250°C. Aging at higher temperatures, however, causes the 

decomposition of the ferrite and degrades properties of particularly SDSS. Their 

applications are, therefore, limited at elevated temperatures. At temperatures 

above 500°C, the precipitation of deleterious phases is rapid, decreasing the 

toughness dramatically. Longer holding at temperatures between 250°C to 500°C 

also results in the embrittlement of SDSS due to the decomposition of ferrite, as 

discussed previously [23].  

2.3 Corrosion  

Corrosion is chemical or electrochemical reactions between a material and 

environment resulting in degradation of the useful properties of the material [26]. 

Metals may transform into ions in liquid solution, while the electron exchange on 

the surface of the metals leads to the formation of oxides, which are the 
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thermodynamically stable phases. Acidity of solution, temperature, electrode 

potential and the nature of oxide govern the transformation and the resulting 

corrosion [27]. Polarization curves are used to study corrosion behavior of alloys. 

A typical polarization curve of an alloy with passivation behavior is shown in 

Figure 4. At low corrosion potentials the alloy corrodes actively. When the 

potential is increased, after an anodic peak, current drops into a pre-passivation 

zone, where it decreases until passivity occurs. For a wide potential range, the 

alloy remains passive until transpassivity occurs and current slightly increases. 

Finally, pitting might occur at locations with a weaker passive layer. In many cases, 

pitting occurs close to metallurgical discontinuities. Different elements may 

change the polarization behavior of stainless steels. Chromium, for instance, 

increases the ability to passivate. In addition, chromium, molybdenum and 

nitrogen increase pitting potential [27].  

 

 

Figure 4: Schematic polarization curve for an alloy that can passivate (after Ref [27]). 

Super duplex stainless steels have excellent corrosion resistance. They, for 

example, have a high resistance to pitting in chloride containing environments 

and are very resistant to stress corrosion cracking [27]. 

2.3.1 Pitting corrosion 

Pitting and crevice corrosion normally occur due to the presence of chloride ions 

and a weak passive layer. However, the presence of other species may also cause 

localized corrosion [28]. 
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The pitting resistance equivalent number (PRE) is an indicator used to rank the 

resistance of stainless steels to pitting corrosion. The most commonly used 

formula is PREN = % Cr +3.3% Mo + 16%N [27]. Super duplex stainless steels 

are typically defined as those having a PREN of more than 40. This number is 

much higher than that for classical ferritic (about 20) and the most commonly 

used austenitic stainless steels (about 18-25).  

It has been found that critical pitting temperature (CPT) and PREN show the 

same trend. Therefore, PREN can be used as a tool to predict the pitting 

resistance. A problem regarding PREN is that microstructural features and 

environment or media are not considered as a variable in the formula meaning 

that for example any effects of ferrite content or secondary phases are not 

considered. However, a combination of thermodynamics and PREN provides 

useful data in order to predict corrosion behavior of an alloy and suggest suitable 

heat treatments. As thermodynamical calculations can predict the phase fraction 

and alloying content of each phase, PREN of each phase can be calculated and 

optimized [29].   

2.3.2 Sensitization and secondary phases  

The precipitation of carbides resulted in sensitization of grain boundaries in older 

stainless steel grades. The sensitization was the result of chromium depletion of 

zones adjacent to chromium carbides [30]. 

In duplex stainless steels, precipitation of intermetallics and nitrides changes the 

corrosion resistance and in many cases in particular the pitting behavior of DSS. 

Precipitation of secondary phases, such as σ, is highly detrimental to the corrosion 

resistance. The depletion of the matrix of Cr and Mo adjacent to precipitates 

makes it susceptible to localized corrosion attacks [18, 22, 31, 32]. The 

microstructure therefore becomes sensitized and localized corrosion can initiate 

in such regions. A quick way to detect sensitized grain boundaries is by using 

oxalic acid etching as suggested by ASTM A262 [33]. 
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3 Welding of super duplex stainless 
steels 

The weldability, the prospects of achieving a joint with sound properties without 

extensive efforts or costs, is the key factor for technical and commercial success 

and much research has been going on to increase the knowledge about weldability 

of duplex stainless steels. Modern DSS grades are tailored to have better 

weldability from the view of the ferrite/austenite balance to deliver best 

properties. Highly alloyed DSS grades, however, may have some welding issues 

due to precipitation of deleterious phases causing embrittlement and localized 

corrosion. Fusion welding methods are common when joining DSS so the focus 

in the present chapter is on the different aspects of fusion welding. 

3.1 Microstructure of welds 

As discussed in the previous chapter, wrought structures have a characteristic  

banded austenitic structure while welds, on the other hand, consist of different 

zones with the morphology varying from the base metal structure to as-solidified 

weld zone microstructures (Figure 5). 
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Figure 5: Top: cross section of a SDSS weld. Bottom: typical microstructure of base 
metal (BM), weld zone (WZ), and heat affected zone (HAZ) of a super duplex 

stainless steel TIG-weld. 

3.1.1 Weld zone 

A weld zone microstructure is different from that of the wrought base material, 
as shown in Figure 5. Austenite has a wide range of morphologies in the weld 
zone and the microstructure of previously added beads might change due to the 
reheating by new passes in multipass welding.  

Single pass welds and final pass of multipass welds 
Super duplex stainless steels normally solidify fully ferritic and austenite 
precipitates in solid state below the solidus temperature. The weld zone, 
consequently, has a continuous ferritic matrix with the austenite phase as a 
secondary matrix phase. Austenite precipitates in three forms depending on the 
welding condition [34]. 

Grain boundary austenite or allotriomorphic grain boundary austenite precipitates 
on prior δ/δ grain boundaries. The transformation requires diffusion of austenite 
stabilizing elements to ferrite grain boundaries [6, 35, 36]. Grain boundary 
austenite usually has a specific crystallographic orientation with one of the 
adjacent ferrite grains [34]. Another type of austenite is Widmanstätten austenite, 
growing on grain boundary austenite into the ferrite grains [36]. Intragranular 
austenite is the third type precipitating inside ferrite grains and it has been claimed 
that nitrides are possible intragranular austenite nucleation sites. [34]; however, 
this is not very likely in single pass welds.  
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In addition to the formation of austenite, non-equilibrium nitrides may precipitate 
in the weld zone [37]. They mostly precipitate inside ferrite grains far from 
austenite [38].  

Rapid cooling, resulting in supersaturation of nitrogen in ferrite, is the key 
phenomenon governing the precipitation behavior of nitrides in the weld zone.  

At lower cooling rates, welding with higher heat inputs, the precipitation of σ and 
χ is promoted. A higher austenite content results in higher contents of Cr and Mo 
in ferrite due to partitioning, which also increases the risk for the precipitation of 
intermetallics. Therefore σ content tends to increase when a filler metal with 
higher content of nickel is employed [21]. 

Reheated beads in multipass welds  
Reheated beads in multipass welds have a different microstructure compared to 
single pass welds. Common observations in reheated beads are possible 
precipitation of secondary austenite and deleterious secondary phases, shown in 
Figure 6. 

 

Figure 6: Secondary austenite and intermetallics precipitating during reheating 

When the welded microstructure is subjected to high temperature reheating, new 
austenite called secondary austenite often precipitates in the reheated passes of 
duplex stainless steel welds [39]. Two possible locations for secondary austenite 
precipitation are at δ/  phase boundaries and inside the ferrite grains. Nilsson et 
al. [40] showed that secondary austenite precipitating in reheated duplex welds 
had lower chromium and molybdenum contents compared to the primary 
austenite. A microstructure with high ferrite content and chromium nitride 
precipitates promotes the precipitation of secondary austenite [41, 42].  

The precipitation of deleterious phases is another issue in reheated DSS weld 
passes. Karlsson et al. [43] showed that precipitation of secondary phases 
preferentially occurred in the regions subjected to multiple reheating. Nishimoto 
et al. [44] modeled the precipitation of σ in a multipass weld and predicted that 
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the locations reheated by several passes would show a larger content of σ. The 

precipitation of σ, in addition, was suggested to be most significant in the range 

of 827°C to 1027°C.  

So-called 475°C-embrittlement has not been reported in single and multi-pass as-

welded SDSS. However, Zhou et al. [45] reported that the ferrite decomposition 

(below 500°C) is more pronounced in aged SDSS weld metal than in base material 

due to high internal strains and higher Ni concentration. Further experiments are 

therefore needed to investigate the risk of ferrite decomposition during welding 

of SDSS. 

3.1.2 Heat affected zone 

Traditionally, the zone next to the fusion boundary with equiaxed grains has been 

considered as the HAZ in duplex stainless steels. Some observations indicate that 

this definition is not comprehensive and the main reason is that in several studies 

[21, 44, 46] locations further away from the fusion boundary were also affected 

significantly by the welding.  

Austenite reformation 
Next to the fusion boundary of SDSS welds in the base material an equiaxed 

microstructure is developed, which differs from the wrought and as-welded 

microstructures. The ferritic-austenitic duplex microstructure is often considered 

optimum if the phase ratio is close to 50/50. Austenite in the zone adjacent to the 

fusion boundary, in contrast to a wrought microstructure, precipitates at prior δ/δ 

grain boundaries and inside ferrite grains.  

Two factors directly govern austenite reformation in the HAZ: chemical 

composition and cooling rate. Nickel and nitrogen are the two most important 

austenite stabilizing elements in DSS, among them nitrogen is the most potent 

and mobile alloy component [47-49]. Lower cooling rates promote austenite 

precipitation, while rapid cooling restricts it [50]. This is due to shorter time for 

diffusion of alloying elements, particularly nitrogen, into austenite on rapid 

cooling [37, 51].  

Precipitation of secondary phases  
Nitride formation is one of the unwanted precipitation processes in the HAZ as 

well as in the weld zone [41, 52-55]. In a previous section, it was discussed that 

nitrides precipitates at austenite/ferrite or ferrite/ferrite grain boundaries under 

equilibrium condition, which might happen also during welding. As discussed 

previously, in the weld zone microstructure nitrides also precipitate during rapid 

cooling, when a high content of nitrogen is present in the ferrite. The precipitation 
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mechanism of nitrides in the weld zone and heat affected zone is quite similar 

[38].  

A lower cooling rate, on the other hand, causes the precipitation of intermetallic 

phases such as σ and χ. Nishimoto et al. [44] simulated the heat affected zone and 

multiple thermal cycles were applied with cooling rates of 5 and 80°C/s. Sigma 

phase was suggested to be the only phase precipitating in the HAZ of 2507 type 

SDSS. A lower cooling rate showed a stronger effect on the σ content than the 

number of thermal cycles. 

Wang [46] investigated the characteristics of actual multipass super duplex 

stainless steel welds. In base material, pitting corrosion occurred at some distance 

from the fusion boundary. The precipitation of σ was considered as the main 

cause of the pitting corrosion.  

3.2 Mechanical properties of welds 

The mechanical properties of duplex stainless steel welds are depending on 

microstructure characteristics such as the matrix phase balance, precipitation of 

secondary phases and level of microslag inclusions. Nordberg [56] derived 

formulas to predict yield and tensile strength as a function of  alloy composition 

and microstructure for duplex stainless steels base material, however not for 

welds. 

Migiakis et al. [57] investigated the effect of alloying elements on the mechanical 

properties of a plasma welded super duplex stainless steel. Maximum tensile 

elongation was obtained in samples welded with Ar with 2 and 5 % N2 shielding 

gas due to an optimum ferrite content and a low content of nitrides. 

Muthupandi et al. [58] showed that the toughness at -40°C significantly increased 

with nickel and nitrogen additions due to a higher austenite content.  

Precipitation of secondary austenite in multipass DSS welds is also considered 

detrimental to the mechanical properties. Promotion of primary austenite 

precipitation, consequently, is useful to avoid the negative effects of secondary 

austenite precipitation due to reheating [57]. The addition of nickel and nitrogen, 

as mentioned above, significantly increases the austenite content, but the welded 

structure may become more prone to precipitation of deleterious secondary 

phases [21]. 

3.3 Corrosion resistance of welds  
The ferrite content plays a vital role for the corrosion resistance of DSS. In an 

analysis of the effects of ferrite content, Bhatt et al. [59] examined the effect of 
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nitrogen shielding gas on the corrosion properties of DSS welds. It was concluded 

that a higher ferrite content resulted in a lower pitting corrosion resistance and 

higher corrosion rates. As reported by Messer et al. [10], achieving intermediate 

ferrite content provides the optimum resistance against chloride stress corrosion 

cracking and pitting. 

Nitride precipitation leads to the occurrence of pitting in the weld zone and the 

heat affected zone. Chromium depletion in the vicinity of nitride particles is stated 

to be the reason of the low pitting resistance [21]. Increasing the heat input and 

interpass temperature increase the susceptibility to local corrosion due to the 

precipitation of σ [60]. A study by Park et al. [61] on multipass welding of SDSS 

concluded that zones depleted of Cr and Mo around deleterious particles are the 

main reason for pitting corrosion. 

Secondary austenite shows a lower corrosion resistance compared to primary 

austenite in the reheated weld zone due to the low Cr and Mo content [62]. 

Nilsson et al. [63] investigated the pitting resistance of root and top welding passes 

in duplex stainless steels. They reported that secondary austenite precipitation 

reduced the CPT about 15°C and also impaired the mechanical properties. 

3.4 Current welding recommendations and 
guidelines 

General recommendations and guidelines on how to weld duplex stainless steels 

are available. In the present literature review the metallurgical view of these 

guidelines is explained. Two important phenomena should be controlled in order 

to produce a reliable weldment: 

 Thermal cycles experienced in the weld zone and HAZ 

 Chemical composition of weld zone 

Heat input, number of passes and cooling rate play the most important roles in 

welding thermal cycles. Arc welding methods are the most common ones in 

welding of duplex stainless steels and the recommended arc energy range for 

welding of SDSS is 0.2-2.5 kJ/mm, which shall be chosen based on the welding 

process and thickness of plate or pipe [12].  

Ferrite content is usually considered as the most important parameter of a duplex 

stainless steel weld microstructure. A too low heat input may cause high ferrite 

contents in the weld zone and heat affected zone, since high peak temperatures 

followed by rapid cooling restrict austenite formation. Different standards state 

different limits for the acceptable range of ferrite content.  



WELDING OF SUPER DUPLEX STAINLESS STEELS  

19 

 

- API technical report 938-C [17] states different ferrite contents of 30-65% for 

base metal, 40-65%  for HAZ and 25-60% for weld zone.  

- NACE MR0175 [64]  states that ferrite content shall be between 35-65% for 

wrought and cast structures and 30-70% for weld zone root and unreheated weld 

cap.  

Precipitation of nitrides is more likely at lower heat inputs often forming when 

the ferrite content is high due to the supersaturation of nitrogen in ferrite. Higher 

heat inputs, on the other hand, may lead to the precipitation of deleterious 

intermetallic phases. NACE MR0175, for example, states that the content of 

deleterious phases shall not exceed 1 % [64]. 

Multipass duplex stainless steel welds present a greater challenge compared to 

single pass welds because the reheating process promotes the possible nucleation 

and growth of secondary austenite and deleterious secondary phases. Interpass 

temperature in multipass welding of duplex stainless steels, in addition to the 

previously mentioned variables, is important in controlling the welding thermal 

cycles. The maximum interpass temperature for SDSS shall not exceed 150°C due 

to slower cooling and higher risk of sigma phase precipitation [10], but sometimes 

a maximum of 125°C  or 100°C  is recommended.  

The chemical composition of the weld zone is mainly affected by the composition 

of the parent material, filler metal, shielding and backing gases, and to some extent 

by loss of alloying elements during welding. As mentioned in Chapter 1, duplex 

stainless steels have been engineered to produce enough austenite in the HAZ if 

recommendations are followed. The weld zone, however, may not meet the 

requirement for ferrite content and nitride formation may occur if an unsuitable 

filler metal and/or shielding gas is used. Nitrogen loss along with rapid cooling is 

a major problem resulting in excessive ferrite content and precipitation of nitrides 

[65].  Du Toit et al. [66] modeled nitrogen loss during the welding of austenitic 

stainless steels. It was considered that nitrogen content of the weld pool is in a 

steady state during welding. Two sources of nitrogen loss were suggested: 

desorption from the weld pool surface and solidification at the rear of the weld 

pool. The sources of nitrogen were absorption from the plasma atmosphere and 

melting of nitrogen containing base metal at the front of the advancing weld pool. 

Several researches have reported acceptable results for autogenous welding of 

duplex stainless steels without nitrogen addition via the shielding gas in spite of 

the possibility of nitrogen loss. A recent study done by Ramkumar et al. [67] 

recommended that  SDSS can be TIG welded using pure argon shielding gas. A 

suitable choice of process parameters resulted in an acceptable ferrite/austenite 

ratio and mechanical properties. Karlsson et al. [68] investigated autogenous laser 

welding and MIG- hybrid laser welding of three different types of duplex stainless 



WELDING OF SUPER DUPLEX STAINLESS STEELS  

20 

 

steels. They stated that high nitrogen grades are more suitable for welding, as an 

optimum ferrite/austenite ratio is more likely to form. Mourad et al. [69] 

compared autogenous TIG and laser beam welding of 2205-type DSS. The results 

showed that the ferrite content in TIG welding was lower due to the slower 

cooling rate. On the other hand, the mechanical properties and corrosion 

resistance of the laser beam weld were better due to a smaller weld affected zone. 

Recommendations for backing and shielding gases are generally defined based on 

the welding process and type of DSS. Nitrogen containing shielding gases are 

common practice for TIG welding, at least for high nitrogen grades such as SDSS, 

while in MIG/MAG welding, nitrogen addition have been found to increase the 

risk of pore formation. Multicomponent gases with He-additions are an approach 

to increase weld pool fluidity and welding speed. In this regard, the most 

recommended gases for TIG welding are Ar +1- 3% N2 and Ar + 30% He+ 

1- 3% N2. For MIG/MAG solid and cored wires, on the other hand, gases with 

CO2-additions without nitrogen addition are commonly recommended [12] 

although CO2 has recently been found to increase the risk of porosity in multipass 

welds.  

Backing gases are also recommended to maintain the corrosion resistance by 

preventing oxidation of the backside of a weld. These typically are argon-based 

gases with nitrogen and sometimes hydrogen additions. Westin et al. [55] showed 

that a N2-10 % H2 backing gas increased the CPT in lean DSS welds and pure 

nitrogen can also be used. 

Welding consumables with higher nickel contents are the suitable choice for the 

welding of DSS, unless the welded component is to be solution treated and 

quenched afterwards, as they promote austenite formation in the weld [12]. The 

proper filler metals for welding of 2507-type SDSS is ISO 14343: 25 9 4 N L with 

a typical composition as detailed in Table 3. 

Table 3: Typical chemical composition (wt.%) of ISO 14343: 25 9 4 N L filler metal. 

Fe C Si Mn Cr Ni Mo N 

Bal. 0.03 0.45 0.5 25 9.2 4 0.25 
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4 Experimental 

As mentioned in Chapter 1, the objective of this study was to investigate the effect 

of thermal history on the evolution of microstructure and properties in wrought 

SDSS base material and weld metals. The experiments, therefore, were aimed at 

subjecting specimens to thermal cycles in a well-controlled way and examining 

them with a focus on changes in microstructure and properties. Two techniques 

were employed to produce different thermal histories including multiple TIG 

remelting, presented in Papers A to C, and arc heat treatment, presented in 

Papers D to H.  

4.1 Multiple TIG remelting 

4.1.1 Base material 

Type 2507 SDSS (EN 1.4410) plates, delivered by Outokumpu with the 

dimensions 300 mm × 200 mm × 6 mm, were used for welding experiments. The 

chemical composition, according to the material certificate, is detailed in Table 4.  

Table 4: Chemical composition (wt.%) of 2507 SDSS plates (EN 1.4410). 

Fe C Si Mn P S Cr Ni Mo N Cu 

Bal. 0.02 0.29 0.79 0.023 0.001 24.79 6.89 3.79 0.28 0.15 

4.1.2 Welding  

A TIG COMMANDER AC/DC 400 power source was used for autogenous 

TIG welding. The welding torch was attached to a robot to ensure stability and 

repeatability of the process. Two different arc energies (0.47 kJ/mm and 

1.08 kJ/mm) were used with pure argon as shielding gas. Current and voltage 

were recorded for each pass using a computer-controlled system. One plate was 

used for thermal cycle measurements for each heat input. Four additional plates 

were then welded, using the same parameters, with one, two, three or four weld 

passes remelting the same material to produce multiple thermal cycles. The 

designation of samples is given in Table 5. More details may be found in Papers 

A and B.  
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 Table 5: The designation and description of weld samples. 

4.1.3 Thermal cycle analysis 

Twelve K-type thermocouples were employed to record the thermal cycles during 

welding. Thermocouples were spot welded at different locations on the top and 

back sides of the plates as shown in Figure 7. Pre-tests, to determine the width of 

the weld pool on the front side, indicated that widths were 5.8 mm and 8.1 mm 

for low and high heat inputs, respectively. To record the thermal cycle of the weld 

pool (weld zone), a thermocouple was harpooned into the liquid weld pool at the 

mid length of the plate immediately after the arc passed the location. The 

thermocouples were attached to a 16-Channel Thermocouple Input Module to 

record thermal cycles and temperatures were recorded with a logging rate of 

10 Hz.  

 

Designation Description Designation Description 

L1 LHI* - 1 weld pass H1 HHI** - 1 weld pass 

L2 LHI - 2 weld passes H2 HHI - 2 weld passes 

L3 LHI - 3 weld passes H3 HHI - 3 weld passes 

L4 LHI - 4 weld passes H4 HHI - 4 weld passes 

*Low heat input **High heat input 
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Figure 7: Location of thermocouples. Red circles show thermocouples attached 
through holes from the back side. (From Paper A, printed with permission) 

4.2 Arc heat treatment 

4.2.1 Initial material condition 

Hot-rolled 2507 SDSS plates and type 2509 SDSS welding wire (ISO 14343: 25 9 

4 N L) were used to produce base material and weld metal samples for the arc 

heat treatment experiments. The chemical compositions are listed in Table 6. 

Three different materials were investigated:  

1. Base metal (BM): 6 mm as received 2507 SDSS plate.  

2. Remelted base metal (RBM): Remelting with Ar-30%He-2%N2 produced 

a weld metal microstructure with the chemical composition of BM. The 

chemical composition of RBM was not analyzed, but it is expected to be very 

similar to the BM except for nitrogen. Hertzman et al. [49] reported that 

autogenous TIG welding of 2507 SDSS using 2%N2 may result in a maximum 

of 0.03 wt.% loss of nitrogen. Therefore, the RBM nitrogen content should 

not be less than 0.24 wt.%. 

3. Remelted weld metal (RWM): A 8 mm  20 mm groove was machined in 

a 2507 SDSS plate and filled with 25 passes of 2509 welding wire using TIG 

welding with Ar-30%He-2N2. This procedure was used to minimize dilution 

Front view 
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with BM in the weld metal. As a final step, the weld was TIG remelted using 

Ar-30%He-2%N2 to remove possible secondary phases and homogenize the 

chemical composition and microstructure. The chemical composition of 

RWM was measured by LECO combustion technique and optical emission 

spectrometry, listed in Table 6. More details about steps of RWM fabrication 

may be found in Paper F. 

Table 6: Chemical composition (wt.%) of 2507 type base metal, 2509 welding wire 
and remelted weld metal (RWM). 

 C Si Mn P S Cr Ni Mo N Cu W Fe 

Base 
metal 0.02 0.4 0.8 0.03 0.001 25.0 6.9 3.8 0.27 0.4 - Bal. 

Welding 
wire 

0.02 0.4 0.6 0.01 0.001 25.5 9.2 4.0 0.26 0.1 0.04 Bal. 

RWM 0.01 0.4 0.6 0.02 0.001 24.8 8.9 3.8 0.22 0.1 0.03 Bal. 

 

4.2.2 Experimental setup 

A schematic illustration of the arc heat treatment technique is shown in Figure 8. 

A disc was mounted on the top of a chamber containing circulating cooling water. 

The concept of the present design was to impose symmetric heat extraction from 

the centre of the disc during arc heating. Water cooling was started an hour before 

the experiment to have a stable condition. The water flow rate (1.4 ± 0.02 l/min) 

and water inlet temperature (8 ± 1°C) were fixed during the experiment.  
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Figure 8: Schematic illustration of the arc heat treatment method. The arc is applied 
on top of the water-cooled disc. (From Paper D, printed with permission) 

The heat treatment was implemented using a TIG welding torch attached to a 

welding robot. The welding power source was a programmable TIG 

COMMANDER AC/DC 400. The electrode was Ø 2.4 mm 2 wt.% Thorium 

WT 20, having a tip angle of 60°. An arc length of 3 mm was imposed, with pure 

argon as a shielding gas. Discs, with the chemical compositions given in Table 6 

and the dimensions of Ø 99 mm x 6 mm were employed throughout.  

As shown in Figure 9, several thermocouples (TC) were spot welded to the disc. 

A pre-test had been performed in order to find the geometry of the molten zone 

for attaching the thermocouples. An International Instrument multi-channel data 

logger was used to measure temperature with a logging rate of 5 Hz.  
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Figure 9: Thermocouple (TC) locations on the back and top-side of the disc. The 
photo to the right shows the fusion zone and the thermocouples closest to the fusion 

boundary. (From Paper D, printed with permission) 

As described in Paper D, four different arc heat treatment procedures were 

applied to demonstrate the versatility of the arc heat treatment technique. 

However, only the procedure used for fabrication of samples for metallurgical 

characterization is explained here. In this study the arc was applied with a constant 

current (100 A) for different time durations on different substrates (Table 7). This 

procedure was designed to produce thermal cycles similar to constant temperature 

furnace heat treatment cycles.  

Table 7: Fabricated sample with different arc heat treatment time. 

Substrate Time (min) 

BM 0.5, 1, 3, 10, 60, and 600  

RBM 1 and 10  

RWM 1 and 10  

 

4.3 Furnace heat treatment 

In addition to the arc heat treated samples, a separate BM sample was heat treated 

in a furnace with argon atmosphere for 10 h at 475ºC to verify results from the 

10 h arc heat treatment sample. Microhardness and APT studies were performed 

on the furnace heat treated sample. 
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4.4 Microstructure studies and microanalysis 

4.4.1 Specimen preparation and optical microscopy 

A flowchart of characterization steps for physically simulated samples is shown 
in Figure 10, which briefly explains what types of test were performed on each 
sample. More detailed explanations of characterization methodologies are 
presented in the appended papers. 

 

Figure 10: Flowchart of characterization for physically simulated samples produced by 
multiple remelting and arc heat treatment.  

For multipass remelted TIG welds, samples were cut from the mid length of the 
welded plates and hot mounted in a 40 mm diameter mould. For arc heat treated 
pieces, samples were cut from the centre of the discs, where the solidified zone 
was located. An automatic polishing machine, PowerPro 5000, was used to grind 
and polish the samples. Alumina suspension with the size of 0.05 μm and colloidal 
silica were used to polish the samples. After polishing, different characterization 
techniques were used as summarized in Table 8.  Each characterization method 
is explained in the next sections. 
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Table 8: The preparation and etching procedures for characterization of the 
specimens   

Physical 
simulation 
method 

Location Etchant/procedure Purpose 

Multipass 
remelting 

WZ 
HAZ 
BM 

10 wt.% NaOH etchant with 
an applied voltage of 4 V for 
4 s 

Ferrite content 

WZ 10 wt. % oxalic acid and 4 V 
for 6 s 

To study 
precipitates like 
nitrides, carbides 
and oxides 

HAZ Two-step electrolytic 

etching: 7 wt.% oxalic acid at 

4 V for around 4 s followed 

by etching in 10 wt.% 

NaOH using the same time 

and voltage as for 7 wt.% 

oxalic acid.  

Secondary phases 

HAZ Not etched  SEM, 
Intermetallics 

Arc heat 
treatment 

10 min and 
10 h BM 
1 min and 
10 min WM 

Not etched SEM/EBSD/ 
WDS 
 

10 h BM 
1 min and 
10 min WM 

Beraha (60 ml water, 30 ml 
HCl, 1 g potassium 
bisulphite) 

Ferrite/austenite/ 
intermetallics 

All samples 

4 V for around 4 s followed 
by etching in 10 wt.% 
NaOH 

Spinodal 
decomposition 
range 
Nitrides 

Not etched Microhardness 
mapping 

An Olympus BX60M microscope was used for light optical microscopy.  

 

4.4.2 SEM/EDS/EBSD analyses 

Four different scanning electron microscopes (SEM) were employed to study 

multiple TIG remelted and arc heat treated samples. 
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a. A Hitachi SEM, TM3000, equipped with an energy-dispersive X-ray 

spectrometer (EDS) detector was employed to analyze the microstructure. 

The backscattered electron (BSE) mode with 15 kV acceleration voltage was 

used to detect secondary phases. The chemical composition of these were 

then determined using EDS analysis.  

b. A JEOL JEM 7000F SEM equipped with an energy dispersive X-ray 

spectrometer, X-MaxN 20 mm2 detector, and a wavelength dispersive X-ray 

spectrometer, INCA WAVE WDS detector, was used to measure the 

chemical composition of the weld zone in multiple TIG remelted samples 

and the fusion boundary zone in arc heat treated samples. All elements except 

nitrogen were analysed by EDS. The nitrogen content was measured by wave 

length dispersive X-ray spectrometry (WDS).  
c. EBSD analysis of regions arc heat treated for 10 h at temperatures in excess 

of 750ºC were performed with a FEI Quanta 650 FEG-SEM equipped with 

a Nordlys EBSD detector from Oxford Instruments and AZtec 2.2 

acquisition software. An acceleration voltage of 20 kV and step sizes between 

100 - 700 nm were used, yielding indexing rates better than >88%.  

d. Regions exposed to temperatures of 750ºC and below in the 10 h arc heat 

treated sample were analyzed using the high-resolution FEI Magellan SEM, 

equipped with a Nordlys EBSD detector from Oxford Instruments with 

AZtec 2.2 acquisition software. EBSD mapping was performed with a step 

size of 54 nm with 10 kV to index smaller precipitates [22]. A minimum of 6 

Kikuchi patterns were set for phase identification. 

EBSD data were evaluated with HKL Channel 5 post processing to obtain the 

content of different phases, crystallographic orientation relationships, local 

misorientation (LMO) and information about the austenite spacing using the 

Mean Linear Intercept (MLI) method. Details about measurements and 

calculations are presented in Papers E, F and H. 

4.4.3 Phase fraction measurements 

Multiple TIG remelting passes: Image analysis measurements of matrix phase 

balance and σ contents were made using an Image Pro. Offline 9.1 software on 

two-step etched samples for HAZ and 10 % NaOH for WZ. Five fields were 

used to measure the matrix phase balance at a magnification of 200X. The same 

number of fields with a higher magnification was employed to measure the 

content of σ. 

Arc heat treatment: Two approaches were used to measure phase fractions in 

10 h arc heat treated BM and in 1 min and 10 min arc heat treated WZ as follows: 
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 EBSD phase map analyses for 640°C, 750°C, 880°C and 980-1150°C in 

10 h heat treated BM, where ferrite, austenite, σ, and χ fractions were 

measured. Four fields were used to measure phase fraction at each 

temperature.  

 BSE SEM micrographs were used to measure σ, χ, and R-phase fractions 

in 10 h arc heat treated BM and 1 min and 10 min arc heat treated WZ. 

4.4.4 Microhardness 

Vickers microhardness testing was carried out to study the influence of arc heat 

treatment on hardness at different temperatures and times with different 

substrates using the Struers DuraScan 80 automated hardness tester. 

Microhardness maps of cross sections were generated following the ASTM E384-

10 standard. An indenter load of 200 g with a dwell time of 15 s was used.  

In addition, to measure the hardness in ferrite and austenite of the furnace-aged 

sample, an indenter load of 25 g was used, resulting in typical indentations of 7-

10 m. 

4.4.5 Atom probe tomography 

In the atom probe tomography (APT) technique, applying voltage pulses to a 

needle shaped sample, with a very small tip radius, results in the detachment of 

atoms as ions. These are accelerated in the electric field toward a position sensitive 

detector and by time-to-flight mass spectrometry, both the atomic number and 

the position of the atom in the specimen can be determined. The furnace heat 

treated sample was analyzed by this technique. Rods with the dimension of 

0.30.315 mm3 were produced by low speed cutting. Then, each rod was electro-

polished to produce two needle-shaped specimens suitable for APT by a standard 

two stage electro-polishing method [14]. A local electrode atom probe, LEAP 

3000X HR, equipped with a reflectron for improved mass resolution was used. 

Analysis was done at 55 K with a 20% voltage pulse fraction, a pulse frequency 

of 200 kHz and an evaporation rate of 1%. The software IVAS 3.4.3 was used to 

analyze the three dimensional (3D) data. Wavelength and amplitude of spinodal 

decomposition were determined using the radial distribution function (RDF) 

approach, which represents the average radial concentration profile starting from 

each and every detected atom of the chosen elements. More details about the 

RDF can be found in Paper G. 
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4.5 Thermodynamic and kinetic calculations 

The basic concept behind thermodynamic calculation software packages is to 

minimize the Gibbs energy. Thereby thermodynamic equilibrium conditions can 

be calculated in complex systems for a wide range of alloys using different 

databases. Thermodynamic calculations and models provide useful data to predict 

the equilibrium microstructure of an alloy, but kinetics to reach the equilibrium 

condition is another important concept in prediction of phase content [70]. 

Therefore, combination of thermodynamics and kinetics is the key when 

predicting a system. In other words, in many cases, an equilibrium condition and 

phase fraction are not reached because of the kinetics of phase transformation. 

The purpose of this section is to explain the thermodynamic calculations using 

Thermo-Calc and JMatPro, providing data about the relation between thermal 

cycles and obtained microstructure. 

4.5.1 Thermo-Calc 

Thermodynamic calculations were done using the Thermo-Calc version 

5.0.0.6053 software with the TCFE8 database. Equilibrium phase fraction 

diagrams for the physically simulated samples were calculated. Ferrite contents of 

weld zones and base metal were calculated for a temperature of 1100°C for 

multiple TIG remelted samples. Phase fractions for nominal and zero percent 

nitrogen contents were also calculated for 10 h arc heat treated BM. 

4.5.2 JMatPro 

The JMATPRO, Version 6.2.1, software was employed to determine equilibrium 

phase fraction and TTP diagrams. The actual chemical composition of the alloy 

was employed for the calculations. The Cr, Mo, and N contents as well as PREN 

of secondary austenite were calculated for BM arc heat treated for 10 h between 

600-1000°C.  

4.6 Temperature distribution modelling 

4.6.1 Welding 

Welding simulation and the temperature modelling were performed with the 

Finite-Element software Sysweld [71] by Swerea KIMAB and a brief explanation 

about the methodology is presented in this paragraph. The same welding speed 

and arc energy as used for the actual welding were chosen for modelling. Thermal 

properties were extracted from the Sysweld database. The TIG heat source was 

represented by a double-ellipsoid and its geometry was adjusted to achieve the 
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actual weld penetration profile. Peak temperature profiles for cross sections were 

compiled by combining individual temperature profiles at a number of distances 

from the position of the heat source to several millimeters behind. 

4.6.2 Arc heat treatment 

The model for the calculation of temperature distribution was developed by Mr. 

Chamara Kumara, as his master thesis, which was partly supervised by the author 

(Vahid Hosseini) [72]. The temperature distribution was calculated by 

combination of the temperature measurements and numerical simulations. 

During the arc heat treatment, heat is transferred through the sample by means 

of conduction. The energy conservation equation governing the temperature, T, 

in a solid material is given by 

𝜕(𝜌𝐶 𝑇)

𝜕𝑡
 −  𝛻 ∙ (𝜅 𝛻𝑇)  =  𝑆 

Where 𝜌 is the material density, 𝐶 the specific heat capacity, and 𝜅 the thermal 

conductivity. The local phase fractions are not calculated here (i.e. the material is 

assumed homogeneous), and the bulk source term 𝑆 due to phase change is 

accordingly set to zero. However, their effect is accounted for through 

temperature dependent material properties. The thermodynamic and transport 

properties were obtained using the software JMatPro for the material composition 

given in Table 1. The values of 𝜌 , 𝐶  and 𝜅 were tabulated over a temperature 

range from 25°C (room temperature) to melting temperature with temperature 

intervals of 5°C. The resultant thermal diffusivity D = 𝜅/(𝜌𝐶) is plotted in Figure 

11 as a function of temperature. The model was implemented in the open source 

computational software OpenFOAM® [72]. More details about the model may 

be found in Papers E & F.  

 

Figure 11: Thermal diffusivity as a function of temperature of 2507 SDSS, calculated 
by JMatPro. (From Paper D, printed with permission) 
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4.7 Corrosion testing 

4.7.1 Sensitization  

To map the susceptibility to local corrosion, cross sections of physically simulated 

samples were electrolytically etched in 10 wt.% oxalic acid at 2 V for 1 min, 

inspired by the ASTM A262, Practice A [33]. The samples were then characterized 

using optical microscopy. Sensitization testing revealed the depleted regions 

formed due to the precipitation of Cr-rich secondary phases as black ditches. 

Micrographs of unaffected and sensitized zones in a super duplex stainless steel 

weld are presented in Figure 12. 

 

Figure 12: Microstructure of HAZ in 2507 SDSS weld after etching to reveal 
sensitization: Left: a location not sensitized by welding, Right: ditches (dark features 
at phase boundaries) indicating local sensitization induced by the welding thermal 

cycle. (From Paper C, printed with permission) 

 

4.7.2 Critical pitting temperature testing 

The pitting corrosion resistance of the specimen was tested using the procedure 

described in ASTM G150 [73]. The specimen was immersed in 1M NaCl at room 

temperature under a fixed potential of +700 mV SCE (Saturated Calomel 

Electrode) and a platinum net was used as an auxiliary electrode. The specimen 

acted as the working electrode. The temperature of the electrolyte was increased 

by 1ºC/min starting at room temperature. The critical pitting temperature (CPT) 

was determined as the temperature at which the current density exceeded 

100 μA/cm² for >1 minute. After testing, the sample was carefully cleaned and 

dried with ethanol and the surface was investigated using optical microscopy.
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5 Results of physical simulation 
methodology 

In the present chapter, the performance of the two physical simulation techniques 

for controlled recorded thermal cycles are presented and evaluated. The 

temperature distributions in the cross section of multiple TIG remelted and arc 

heat treated samples are also illustrated to link microstructure-location-

temperature for use in the following chapters. 

5.1 Multiple TIG remelting/reheating technique 

5.1.1 Stability and repeatability of the welding process 

The stability and repeatability of the welding process were investigated 

considering variables and thermal cycles, as follows. Representative examples of 

current and voltage curves of the TIG welding process are shown in Figure 13. 

A comparison between the thermal cycles at 1 and 5 mm from the fusion 

boundary (FB) on the top side of the plate is presented in Figure 14 for the first 

and second pass of the HHI remelted sample. The thermal cycles in different 

welding passes were very similar suggesting a repeatable process 

 

Figure 13: Typical voltage and current curves for TIG welds. (From Paper A, printed 
with permission) 
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Figure 14: Thermal cycles of sample welded with high heat input for the first and 
second pass at the top side at 1 mm (F1) and 5 mm (F5) from the fusion boundary. 

(From Paper A, printed with permission) 

5.1.2 Thermal cycles for different heat inputs 

Thermal cycles experienced in the weld pool for LHI and HHI, 1 mm and 2 mm 

from the FB on the top side of the plates are presented in Figure 15.    

 

Figure 15: Thermal cycles experienced by weld pool and heat affected zone 1 mm 
and 2 mm from the fusion boundary at low (L) and high heat input (H), respectively. 

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100

T
em

pe
ra

tu
re

 (°
C

)

Time (s)

F1-Pass 1 F1-Pass 2
F5-Pass 1 F5-Pass 2

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60

T
em

pe
ra

tu
re

 (°
C

) 

Time (s)

H-Weld Pool L-Weld Pool
H-1mm H-2mm
L-1mm L-2mm



RESULTS OF PHYSICAL SIMULATION METHODOLOGY  

37 

 

For both heat inputs, the thermocouples closer to the fusion boundary registered 

higher temperatures and the sample welded with the higher heat input registered 

a higher peak temperatures. The high heat input welded sample registered a lower 

cooling rate than that for low heat input. The higher peak temperature 1 mm from 

the FB than in the weld pool is due to the delayed start of thermal cycle recording 

by the harpooned thermocouples. More details and results for other locations may 

be found in Paper A. 

 

5.1.3 Modelled temperature distribution 

The modelled peak temperature contours are presented in Figure 16 for the HHI 

sample.  As the changes in microstructure were more obvious at HHI, only the 

temperature distribution for HHI is presented in this thesis. As mentioned in 

Chapter 4, the actual peak temperatures measured by thermocouples were used 

as input and calibration in the modelling. The weld pool size was the same as that 

of the HHI weld pool and the fusion boundary temperature was determined from 

Thermo-Calc calculations. The comparison with actual temperatures is discussed 

extensively in Paper A.   

 

Figure 16: Calculated peak temperatures and measured peak temperatures 
registered by thermocouples at top and bottom surfaces (red points). The colours 

show the peak temperature range according to the scale on the left in the figure. The 
purple represents the weld pool. (From Paper A, printed with permission) 
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5.2 Arc heat treatment technique 

5.2.1 Thermal cycles 

Typical thermal cycles registered for arc heat treatment are shown in Figure 17. 

On the top side, the regions closer to the arc heat treatment fusion boundary 

registered a higher steady state temperature. The steady state temperature varied 

± 5 °C for the thermocouple closest to the fusion boundary on the top side and 

the variation decreased with increasing distance from the fusion boundary. The 

thermocouple closest to the arc reached its steady state temperature in about 7 s. 

After turning off the arc, cooling was rapid and temperature dropped from 758°C 

to 50°C in 11 s for TCT0.  

Three other different thermal cycles were tested to investigate the applicability of 

the process. However, they were not used to fabricate samples for materials 

characterization. More explanations may be found in Paper D.   

 

 

Figure 17: Examples of heat treatment thermal cycles for different locations. Steady 
state temperatures were obtained after few seconds. (From Paper D, printed with 

permission) 

 

5.2.2 Temperature distribution 

The temperature distribution calculated in the bulk of the material is shown in 

Figure 18. It can be observed in the vicinity of the fusion zone (white area) that 
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the temperature isolines are more regularly spaced along the symmetry line            

(y-axis) than along the top surface (x-axis).   

In papers D to H, the modelling was used to link the microstructure at different 

locations to temperature. As described in Paper F, a similar model was used to 

find the temperature distribution in heat treated RWM samples as the thermal 

properties are very similar for 2507 plate and 2509 filler metal.  

 

 

Figure 18: Modelled constant temperature distribution in cross section of the arc heat 
treated super duplex stainless steel. (From Paper D, printed with permission)
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6 Results of physical simulation for base 
material  

6.1 Initial microstructure and hardness 

An EBSD phase map of 6 mm-thick 2507 SDSS before physical simulations is 

shown in Figure 19. The initial microstructure consisted of balanced ferrite and 

austenite fractions and no traces of any deleterious secondary phases were found.  

 

Figure 19: EBSD phase map of the SDSS before arc heat treatment showing the 
approximate 50/50 ferrite (δ) to austenite (γ) ratio. No traces of any additional phases 

were found. (From Paper H, printed with permission) 

6.2 Multipass TIG reheating 

Cross sections of low heat input sample after four remelting passes (L4) and high 

heat input sample after four remelting passes (H4) etched by oxalic acid are 

presented in Figure 20. Different zones were revealed in both samples: Weld zone 

(WZ), Fusion boundary zone (FBZ), Zone 1 (Z1), Zone 2 (Z2) and unaffected 

base material (BM). 
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Figure 20: Cross sections of L4 and H4, etched with 10 wt.% oxalic acid for 1 min 
showing different zones: weld zone (WZ), fusion boundary zone (FBZ) and Zone 2 

(Z2), all appearing darker, and the lighter etching Zone 1 (Z1) and base material (BM). 
Darker regions were more severely etched, suggesting a more sensitized 

microstructure. (From Paper C, printed with permission) 

As oxalic acid etched the more sensitized regions, it can be implied that the WZ, 

FBZ and Z2, looking darker, experienced more harmful thermal cycles compared 

to Z1 and unaffected base material. It can be noted that all zones were wider for 

H4 than L4. The characteristics of FBZ, Z1 and Z2 are discussed in this chapter. 

6.2.1 Fusion boundary zone 

The microstructure in the fusion boundary zone (HAZ adjacent to the fusion 

boundary) of one time and four time remelted samples with low and high heat 

input (L1, L4, H1 and H4) is shown in Figure 21. Equiaxed ferrite grains with 

different types of austenite are the main characteristics of the FBZ.  Nitrides are 

observed inside ferrite grains and at ferrite-ferrite boundaries in the LHI welded 

samples after one, two, three and four passes. In contrast, no nitrides were 

observed in the first pass of the HHI welded sample, yet some nitrides 

precipitated in the δ/δ grain boundaries and in the ferrite grains after four passes. 

The ferrite content, additionally, increased in the HHI welded samples with 

increasing number of weld passes as reported in Paper A.  
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Figure 21: Micrographs of the FBZ in of L1, L4, H1 and H4 weld samples after two-
step electrolytical etching in 7 wt. % NaOH and 10 wt. % oxalic acid. Nitrides appear 

black in the microstructure. Arrows show nitrides in the ferrite grain boundaries as well 
as in the middle of the ferrite grains. (From Paper B, printed with permission) 

6.2.2 Zone 1 

No secondary phases were detected in Zone 1 for any of the two heat input levels 

even after four passes. The ferrite content of this zone did not change significantly 

and there was no tendency of local corrosion attack when etching in oxalic acid. 

6.2.3 Zone 2 

The microstructure of Zone 2 after one and four passes of LHI and HHI is 

presented in Figure 22. The microstructure consists of ferrite, austenite and σ, 

which was identified based on EDS analysis as presented in Paper C. 

No secondary phases were seen in L1, while locally a few very small precipitates 

were found in the δ/γ boundaries after one pass of high heat input remelting. 

Precipitates were found in both the samples welded with low and high heat input 

after two, three and four passes. The content increased gradually with increasing 

number of passes and with increasing heat input. The main locations were triple 

γ /δ /γ junctions, δ/γ boundaries and at austenite islands in ferrite.  
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Figure 22: Optical micrographs of Zone 2. Low heat input after one pass (L1), low 
heat input after four passes (L4), high heat input after one pass (H1), and high heat 
input after four passes (H4). Sigma particles are the black constituents indicated by 

arrows. (From Paper A, printed with permission) 

Etching with oxalic acid for 2 minutes resulted in pits forming at the locations 

where the σ precipitates were observed. Details can be found in Paper C. 

Although the etching attack was more pronounced for HHI, some δ/γ phase 

boundaries were also sensitized in the low heat input specimen. Phase boundaries, 

especially in narrow ferrite areas, were found to be the favoured sites for 

preferential etching to occur.  

6.3 Arc heat treatment 

In the present section, the results regarding the arc heat treated 2507 SDSS are 

presented. The sample arc heat treated for 10 h was studied for phase 

transformations above 500ºC. However, for phase transformation below 500ºC, 

the transformation kinetics for different aging times were investigated. The reason 

for this approach was that the kinetics of high temperature phase transformations 

in SDSS have been extensively studied, but the arc heat treatment provided an 

opportunity to investigate all temperatures in one sample and permitted 

comparison with thermodynamic calculations. Furthermore, kinetics of phase 

transformations between 400ºC and 500ºC have been not fully studied for SDSS. 

This work therefore aims at addressing this important aging temperature range. 
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6.3.1 Cross section of arc heat treated sample 

A cross section of the 10 h heat treated sample etched with 10 % NaOH is shown 

in Figure 23. As may be seen, the etching response varied as a consequence of the 

different aging temperatures at different locations in the cross section. 

Nine regions (Regions 1-9) were defined based on the microstructure and the heat 

treatment temperature range in each region was determined from the temperature 

distribution map in Figure 18. The details about the microstructure of 

Region 1 (R1) to Region 9 (R9) are discussed in section 6.3.3.  

 

Figure 23: Cross section of the functionally graded SDSS sample arc heat treated for 
10 h. (From Paper E, printed with permission) 

6.3.2 Nitrogen loss 

The chemical composition was measured across the fusion boundary in the 10 h 

arc heat treated sample to provide input for calculation of equilibrium phase 

diagrams (Figure 24a). Chemical analyses showed that chromium and nickel 

contents were stable, only varying within 27.5-28.7 wt.% and 7.0-7.4 wt.%, 

respectively. However, Figure 24b shows that nitrogen was depleted up to 

a distance of approximately 1.2 mm away from the fusion boundary, 

corresponding to temperatures from the liquidus point to 980ºC along the 

measurement line. The reason for the higher nitrogen content measured at 

0.1 mm is not clear but could be due to local enrichment or the presence of 

inclusions. The nitrogen content within the first 1.1 mm from the fusion 

boundary was therefore considered to be zero in the thermodynamic calculations. 

For comparison it can be noted that nitrogen was depleted within less than 0.1 

mm from the fusion boundary after 10 min arc heat treatment (Paper D). The 

well-known formula for estimating diffusion distances is x=√2𝐷𝑡, where x is 

diffusion distance (mm), D diffusion coefficient (mm2/s), and t is time (s). 
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Changing the diffusion time from 600 s (10 min) to 36 000 s (10 h) is based on 

this formula expected to increase diffusion distance with about 8 times. This is in 

reasonable agreement with the observed change in the width of the nitrogen 

depleted region in the present study.  

 

 

 

Figure 24: a) Microstructure of the fusion boundary with dashed black line showing 
where the chemical compositions were measured. The left red line shows the fusion 
boundary and the right the end of the fully ferritic region. b) WDS measurements of 
the nitrogen content next to the fusion boundary showing nitrogen loss until 1.2 mm 

from the fusion boundary. (From Paper E, printed with permission) 

6.3.3 Microstructure of arc heat treated BM 

The phase identification using a combination of EBSD, XRD, BSE SEM, EDS, 

thermodynamic calculations, and optical microscopy have been explained in 

Paper E. Here, representative SEM micrographs from the different regions, 

corresponding to different aging temperature ranges, are shown in Figure 7. 

In addition, some microstructural characteristics observed for different aging 

temperature ranges are presented briefly.  
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Figure 25: Representative back scattered electron (BSE)   SEM micrographs of 
graded microstructures from regions defined in the cross section in Figure 23, 

showing ferrite (δ), austenite (γ), sigma phase (σ), chi phase (χ), nitrides (N), thin film 

(?) and R-phase (R) present within the different regions (R1-R9). Note that the 
micrographs for R1 to R8 are from a polished sample, but those for R9 and base 

metal are from etched samples. (From Paper E, printed with permission) 
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Figure 26: EBSD phase map showing the graded microstructure after 10 h arc heat 
treatment. Dashed lines (yellow) indicate isotherms. Ferrite (red), austenite (blue), 

and σ (aqua) are shown. The image covers regions 1-4. (From Paper E, printed with 
permission) 

Fusion zone: T > liquidus (>1430°C). Material was in the molten state during 

arc heat treatment and solidified on cooling after arc heat treatment. This zone 

has a fully ferritic microstructure.  

Region 1 (R1): 1150 -1430°C, where the microstructure is fully ferritic (Figure 

26). This region was not melted during arc heat treatment.  An EBSD phase map, 

showing the full spectrum of graded microstructures, is presented in Figure 26, 

illustrating R1 in the left corner of the map.  

Region 2 (R2): 1010-1150°C. Only austenite and ferrite are present. 

Region 3 (R3): 950-1010°C. Ferrite, austenite and σ are the major phases with 

some traces of χ. Figure 26 shows how σ first appears at around 1010°C. 

Secondary austenite forms together with secondary phases, particularly with σ-

phase, consuming the ferrite. However, in some cases it was observed that ferrite 

transformed into σ without formation of γ2. These observation was 

comprehensively discussed and illustrated in EBSD maps, reported in Papers E 

and H.  

Region 4 (R4) and region 5 (R5): 800-930°C and 670-790°C, respectively. 

Austenite and σ are the major phases as shown in Figure 25. Other phases are 

also present in the microstructure.  

Region 6 (R6): 630-660°C, contains austenite, ferrite, σ, χ, R, thin films and 

nitrides. The EBSD and BSE SEM images at 640°C are shown in Figure 27. 
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Figure 27: SEM images with corresponding EBSD phase maps at 640°C. (a & e) 
Intergranular elongated χ particles, (b & f) a χ precipitate in eutectoid σ+γ2, (c & g) 
three discrete χ precipitates and one un-indexed (white) phase, possibly R-phase, 
together with a region containing σ and (d & h) Cr2N formed at previous δ/γ phase 

boundaries. (From Paper E, printed with permission) 

The σ precipitated between 630C and 1010C in the graded microstructure. 

EBSD phase and IPF maps illustrating distribution and morphology of σ 

precipitating at different aging temperatures are given in Figure 28. Sigma phase 

precipitated as blocky particles at high temperatures, while it became more coral-

shaped at lower temperatures. The details about microstructural characteristics 

and chemical composition of σ precipitated between 630C and 1010C are 

discussed in Paper H. 

Region 7 (R7): 560-630°C, where σ is no longer seen in the microstructure but 

R, χ, thin films (indicated by “?” in Figure 25) and nitrides were observed.  

As presented in Paper E, R-phase has a blocky, irregular shape at higher aging 

temperatures, but is disc-shaped at lower aging temperatures.  

Region 8 (R8): 500-560°C, where no secondary phases were observed. 

Region 9 (R9): 400-500°C, where no secondary phases were seen, but the 

etching response was different from that of the unaffected base metal. This region 

will be discussed in section 6.3.9. 
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Figure 28: EBSD phase (left) and IPF (right) maps showing sigma phase (σ) 

precipitating at different temperatures. The morphology of σ changed from blocky to 
coral-shaped with decreasing temperature. (From Paper H, printed with permission) 

6.3.4 Phase fractions and thermodynamic calculations 

Table 9 lists predicted and measured phase fractions at different aging 

temperatures. Details about evolution of phase fractions and their correlations 

with calculated equilibrium fractions are presented in Paper E. Two unexpected 

deviations from calculations are worth pointing out: 
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 Above 950°C, the content of σ-phase was much higher than predicted by 

Thermo-Calc. 

 At 640ºC, the measured austenite content was higher than both the initial and 

calculated contents and around 7% ferrite was still present (Table 3). The 

measured σ-phase fraction was about 20 % lower than the calculated 

equilibrium fraction.  

Table 9: Measured and Thermo-Calc predicted phase fractions at different 
temperatures for 2507 base metal.  

T 

(°C) 
δ (%) γ (%) σ (%) χ (%) 

R + χ 

+  

Thin 

film 

(%) 

 Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas. Meas. 

BM 50 49.7 50 50.3 0 0 0 0 - 

1200 100 100 0 0 0 0 0 0 - 

1130 92.0 95±2 8.0 5±2 0 0 0 0 - 

1090 85.7 87±2 14.2 13±2 0 0 0 0 - 

1055 80.8 84±2 19.2 16±2 0 0 0 0 - 

1020 77.0 82±2 23.0 18±2 0 0 0 0 - 

1000 73.6 80.1 26.3 19.6 0 1.1 0 0 - 

990 70.5 64.3 29.2 28.2 2.5 8.3 0 0.2 - 

985 69 46.2 31 40.2 3.5 14.1 0 0.3 - 

980 67.6 
36.0 

32.3 
42.7 

5.5 
22.3 

0 
0.2 - 

980* 23.5 66.2 9.6 0 

950 12.3 - 69.8 - 16.5 27.0±2.9 - - - 

880 0 0.5±0.2 69.8 71.3±1.3 27.3 27.9 ±1.2 0 
0.2± 

0.1 
- 

750 0 0.3±0.1 60.3 65.0±0.8 36.3 34.4±0.7 2.3 
0.2± 

0.1 
- 

650 0 - 55.6 - 40.8 26.8±4.4 0 - 
1.5± 

0.4 

640 0 7.8±3.6 55.2 68.3±6.2 41.2 21.4±2.7 0 
1.1± 

0.3 

2.3± 

0.2 

630 3.6 - 51.2 - 40.7 5.4 0 - 1.9 

590 26.1 - 31.8 - 38.3 0 0 - 1.6 

Equilibrium phase fractions were calculated for zero percent N for temperatures above 980°C.  

980* indicates phase fraction with 0.265 wt.% N. 



RESULTS OF PHYSICAL SIMULATION FOR BASE MATERIAL  

52 

 

6.3.5 Crystallography 

The orientation relationships between ferrite and austenite are presented in Figure 

29, with a focus on regions 3 and 6, where both ferrite and σ were present. The 

orientation relationship (OR) for austenite and ferrite was compared to 

Kurdjumov–Sachs (KS) orientation relationship ((111)γ //(110)δ  and 

[110]γ //[111]δ), which is known to be common for DSS [74]. Figure 29a presents 

the deviation from KS OR in the as received base material and after heat 

treatment at 980-1010°C (R3) and at 640°C (R6). Only a few boundaries were 

close to the KS OR in the base material, but a significant fraction had an OR 

within a few degrees of KS after the heat treatment in regions 3 & 6. Information 

about the orientation relationships between intermetallics and ferrite may be 

found in Paper E.  

 

Figure 29: Deviation from Kurdjumov–Sachs OR between ferrite and austenite before 
and after heat treatment in regions 3 and 6. (From Paper E, printed with permission) 

EBSD estimated “strain” distribution map for austenite, for a region heat treated 

at temperatures in the range 800-1150°C, is given in Figure 30. More green areas, 

indicating higher “strain”, are present in the map next to the σ precipitation start 

isotherm. As shown in Figure 30, after a slight increase in “strain” with 

temperature down to 850°C, it decreased with decreasing temperature. 

Information about local misorientation mapping and angle distribution at 

different temperatures may be found in Paper H. 
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Figure 30: EBSD estimated “strain” distribution map for austenite. The broken line 
shows 1010°C isotherm lines, where σ started precipitating. (From Paper H, printed 

with permission) 

6.3.6 Microhardness maps  

A microhardness map of the graded microstructure is shown in Figure 31. Three 
distinctive regions with high hardness bands were apparent: (B1) with hardness 
up to 480 HV0.2 for temperatures between 680°C and 970°C and associated with 
precipitation of σ, (B2) with hardness of 320 HV0.2 temperatures between 590-
630°C where mainly R-phase precipitated, (B3) with a maximum hardness of 
340 HV0.2 for temperatures between 450°C and 480°C, where a light etching 
band was observed by LOM (Figure 30).  

As mentioned, a separate sample was furnace-aged at 475°C for 10 h to verify the 
hardness increase in B3. The hardness of the ferrite before aging was 250±15 
HV0.01 which increased to 375±15 HV0.01 after 10 h while the hardness of 
austenite remained fairly constant at 265±15 HV0.01.  
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Figure 31: Microhardness map of 10 h arc heat treated 2507 SDSS. Three bands with 
higher hardness can be seen; B1 at locations corresponding to aging temperatures of 

680-970°C, B2 at 590-630°C and B3 at 450-480°C. (From Paper E, printed with 
permission) 

6.3.7 Corrosion tests 

SEM micrographs from regions heat treated at different aging temperatures after 
sensitization screening testing are presented in Figure 32. The degree of 
sensitization is most pronounced for heat treatment temperatures of 630-750ºC, 
where coral-shaped σ precipitated. As illustrated in Figure 32 for regions heat 
treated at 750°C and 640°C, γ2 and ferrite adjacent to the coral-shaped σ seem to 
be most susceptible to localized corrosion. 

Figure 32: BSE SEM micrographs of SDSS after arc heat treatment at different aging 
temperatures and sensitization screening test in oxalic acid. a) 990ºC with very little 

sensitization, b) 880ºC with some sensitization, and c) 750ºC and d) 640ºC with local 
corrosion attacks found in δ and/or γ2 next to coral-shaped σ. (From Paper H, printed 

with permission) 

The cross section and microstructure after critical pitting temperature testing are 
shown in Figure 33 showing that the most corroded area was seen in a region heat 
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treated at 630-750ºC.This was due to the dissolution of ferrite and γ2 around the 
coral-shaped σ whereas primary γ was not corroded. 

 

Figure 33: a) Cross section of the specimen after testing in 1M NaCl at 700 mV SCE 
according to ASTM G150 showing a corroded zone heat treated at 630-750ºC. b) 

Optical micrograph from the corroded region showing the attack of secondary γ2 and 
δ next to coral-shaped σ. (From Paper E, printed with permission) 

6.3.8 Cracking 

A SEM micrograph from a cross section of the SDSS sample arc heat treated for 
10 h is shown in Figure 34. The SEM bright imaging band in the graded 
microstructure shows where σ precipitated in the temperature range of 630-
1010°C. Two macroscale cracks formed in this zone, marked as Crack 1 and 
Crack 2. None of the two cracks propagated outside the region where σ 
precipitated.   

 

Figure 34: Bright region showing σ precipitation band, with two macroscale cracks. 
(From Paper H, printed with permission) 

a) b) 
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6.3.9 Spinodal decomposition 

As shown in Figure 20 a bright imaging band was present in the cross section of 

the 10 h arc heat treated sample, where high hardness was also found as seen in 

Figure 31. An investigation of cross sections after different arc heat treatment 

times, illustrated in Paper G, showed that the bright etching band appeared 

already in the 3 min arc heat treated sample and became more visible and wider 

for longer heat treatment times. The first indications of a high hardness around 

the 475ºC isotherm were also found in the 3 min arc heat treated sample. A 

summary of etching behaviour and hardness is given in Table 10. 

Table 10: Hardness and temperature ranges of light etching high hardness band for 
arc heat treated 2507 base metal samples. 

Time Sample 
Hardness range in high 

hardness band (HV) 

T-Range by 

etching (°C) 

Before arc 

heat 

treatment 

BM 275-295 - 

RBM 275-300 - 

RMW 260-285 - 

30 s BM No change - 

1 min 

BM No change - 

RBM No change - 

RWM No change - 

3 min BM No change* 435-480 

10 min 

BM 300 435-490 

RBM 300-315 440-490 

RWM 290-310 440-490 

60 min BM 300-310 415-495 

600 min BM 300-340 405-500 

*Some locations showed high hardness but did not form a clearly distinguishable band.   

A separate sample was heat treated in a furnace at 475°C for 600 min to verify 

the arc heat treatment results. In order to characterize the phase separations 

occurring in the ferrite, APT was performed on two samples prepared to contain 

only ferrite and only austenite, respectively. Iso-concentration surfaces for high 

Cr (more than 30 at.%) and high Fe (more than 70 at.%) regions in ferrite are 

illustrated by blue and red, respectively, in Figure 35a. The APT results clearly 

show the separation of Cr and Fe with, as shown in Figure 35b, the concentration 

of Cr gradually increasing towards the center of each region as is characteristic of 

spinodal decomposition [70]. More information about other characteristics of the 

decomposition occurring at this temperature is presented in Paper G. 
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Figure 35: Atom probe tomography images from ferrite of BM specimen furnace heat 
treated for 600 min at 475°C. a) Iso-concentration surfaces for high Cr, shown in blue 
(> 30 at.%), and high Fe regions, shown in red (> 70 at.%). b) 2D image for Cr (blue) 

and Cu (orange), obtained from a 2 nm thick slice. (From Paper G, printed with 
permission)
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7 Results of physical simulation for weld 
metal  

In the present chapter, the results of physically simulated weld metal by multiple 

TIG remelting and arc heat treatment techniques are presented. The influence of 

melting and solidification on weld metal microstructure, chemical composition 

and properties was physically simulated by the multiple TIG remelting technique. 

The influence of solid-state phase transformations, on the other hand, was 

physically simulated by the arc heat treatment technique.    

7.1 Initial microstructure and hardness 

The initial microstructure for multipass remelting was that of the 2507 SDSS plate 

material described in Section 6.1. For the arc heat treatment, as mentioned in 

Chapter 4, remelted base metal and remelted weld metal specimens were used. 

The two different initial microstructures and corresponding hardness maps are 

shown in Figure 36. The remelted base metal has a ferritic matrix with grain 

boundary, Widmanstätten, and intragranular austenite. The remelted weld metal 

has a lower ferrite fraction compared to RBM, but a similar microstructural 

morphology. The ferrite numbers of RBM and RWM, measured by 

FERITSCOPE, were 63±4 FN, and 50±2 FN, respectively. The average hardness 

was slightly higher for RBM. 

7.2 Multipass TIG remelted base metal 

This is the region previously introduced as WZ in Section 6.2 and has fused 

microstructure due to remelting.    

7.2.1 Nitrogen loss 

The content of all elements except nitrogen was measured by EDS for the weld 

zone. Nitrogen contents, as explained in Chapter 4, were measured by WDS. The 

average chemical compositions of the weld zone did not show any significant 

changes by increasing the number of weld passes or heat input except for 

nitrogen. A detailed discussion about the results can be found in Paper B. 
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Figure 36: Optical micrographs and hardness maps of weld metals before heat 
treatment, a and c) remelted base metal (RBM) b and d) remelted weld metal (RWM). 

Grain boundary austenite (GBA), Widmanstätten austenite (WA), and intragranular 
austenite (IA) are indicated by arrows in the micrographs. (From Paper G, printed with 

permission) 

Nitrogen contents, on the other hand, significantly decreased with increasing the 
number of weld passes or increasing heat input. The nitrogen contents measured 
by WDS are detailed in Table 11 and average and normalized values, as described 
in Paper B, are shown. The normalized nitrogen contents decreased 0.11 wt.% 
for L4 and 0.18 wt.% for H4 compared to the initial (base material) level. The 
same trend was found for low and high heat input, although the nitrogen 
reduction by increasing the number of weld passes was more noticeable for HHI 
welds. In all cases, consequently, the nitrogen contents at HHI were lower than 
for the same number of weld passes with LHI. 

GBA 
WA 

IA 

GBA 

WA 

IA 
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Table 11: Nitrogen content (wt.%) of the weld zone measured by WDS. Normalized 
values are calculated based on the nitrogen content in the base material certificate. 

 Average Normalized 

Base Metal 0.154 0.28 

L1 0.126 0.23 

L2 0.115 0.21 

L3 0.098 0.18 

L4 0.095 0.17 

H1 0.114 0.21 

H2 0.106 0.19 

H3 0.075 0.13 

H4 0.054 0.10 

 

7.2.2 Remelted zone microstructure 

Weld zone microstructures, after one and four passes at LHI and HHI, are 

illustrated in Figure 37. Three types of austenite were observed, grain boundary, 

Widmanstätten, and intragranular austenite; precipitating in large columnar ferrite 

grains after first pass of low and high heat input remelting (L1 and H1 specimens). 

The relative amount of Widmanstätten austenite, compared to other types of 

austenite, decreased with the number of passes for both LHI and HHI. The 

amount of intragranular austenite, on the other hand, increased at the same time 

for both heat inputs. The ferrite content increased with increasing the number of 

passes for both LHI and HHI, as detailed in Paper B. 

The microstructures, after etching with oxalic acid, are shown in Figure 38. 

The contents of small precipitates, which were suggested to be chromium nitrides 

in Paper B, seem to be higher for LHI and increase with the number of passes. 

The location of these precipitates was mostly inside the ferrite grains and at the 

interface between ferrite and austenite at LHI, while they also appeared inside the 

intragranular austenite for H4 and especially L4.  
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Figure 37: Microstructure of the weld zone for a) L1, b) L4, c) H1 and d) H4 shown in 
LOM micrographs. After one pass (L1 and H1) Widmanstätten, intragranular and grain 
boundary austenite were present. With increasing number of weld passes, resulting in 
the reduction of nitrogen contents, less Widmanstätten austenite was found (L4 and 
H4). Austenite, ferrite, and nitrides are shown in d) for H4. (From Paper B, printed 

with permission) 

 

 

Figure 38: Optical micrographs of the weld zone showing that the content of nitrides 
(black etching) increased with the number of weld passes and was larger for the lower 
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heat input. Austenite, ferrite and nitrides are indicated in d) for H4. (From Paper B, 
printed with permission) 

Etching for 2 minutes in 10 wt.% oxalic acid revealed that ferrite/austenite and 
ferrite/nitrides interfaces were the most sensitized sites of the WZ, as shown in 
Figure 39. The interface between two ferrite grains and the shape of the etching 
attack suggest that grain boundary austenite was preferentially attacked. In 
addition, intragranular austenite was also attacked by oxalic acid especially in LHI 
welded samples.   

Figure 39: Microstructure of multiple TIG remelted 2507 SDSS after etching to 
reveal sensitization. Weld zone in L4 (left) and H4 (right) with black area 

showing the etching attack. (From Paper C, printed with permission) 

7.3 Arc heat treated weld metals  

The evolution of the RWM microstructure with arc heat treatment time (1 min 
and 10 min) was studied for all aging temperatures, as this is relevant for multipass 
welding when filler metal is used. However, kinetics of low-temperature phase 
transformations was also investigated for RBM as a comparison.  

7.3.1 Evolution of microstructure with time 

In the weld metal fusion boundary zone (FBZ), next to the remelted area formed 
in the arc heat treated sample, the austenite dissolved and got finer with time as 
illustrated in Figure 40 a and b. This zone is a representative of the high-
temperature heat affected zone (HTHAZ) in duplex stainless steel weld metals. 
However, at the somewhat lower temperature of 1220°C, the austenite content 
increases with heat treatment time (Figure 40 c and d) as the austenite coarsens. 

Sensitization 

Sensitization 
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Figure 40: Weld metal FBZ microstructure in a) 1 min and b) 10 min samples, 
showing austenite dissolution with increasing holding time. Some nitrides (dark spots) 
can be seen in the microstructure for both heat treatment times. The microstructure of 

regions heat treated at 1220ºC for c) 1 min and d) 10 min suggest coarsening of 
austenite. (From Paper F, printed with permission) 

The highest temperature where secondary austenite formed was 960°C after 

1 min and 1110°C after 10 min (Figure 41). The secondary austenite was finer at 

lower temperatures and the fraction increased with heat treatment time.  Table 12 

shows that the range of secondary austenite formation temperature is wider for 

longer heat treatment time as the upper-temperature limit goes up at the same 

time as the lower temperature limit decreases. 

Remelted 

zone 

Remelted 

zone 
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Figure 41: Intragranular secondary austenite forming after arc heat treatment for 
1 min and 10 min. Coarser secondary austenite forms at higher temperatures (a and 

b) and finer at lower temperatures (c and d). The amounts increase with longer 
holding time (c and d). (From Paper F, printed with permission) 

Table 12: Summary of temperature ranges for microstructural features and properties 
in arc heat treated samples. 

Observation 1 min 10 min 

Secondary austenite 640-960°C 600-1110°C 

Sigma 720-900°C 700-1020°C 

Chi phase 720 -800°C 650-940°C 

Sensitization 720-840°C, FB 580-920°C, FB 

 

Representative BSE SEM micrographs of the 1 min and the 10 min samples for 

different heat treatment temperatures are presented in Figure 42. The bright grey 

phase is interpreted as σ and the brightest particles as χ based on the expected 

typical compositions of these phases resulting in a brighter atomic contrast 
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compared to ferrite and austenite. The highest temperature where traces of σ were 

seen was 900°C for the 1 min sample and 1020°C for the 10 min sample. As 

shown in Figure 42, σ was found as thick films in δ/γ phase boundaries especially 

in narrow ferrite regions after 1 min heat treatment. In the 10 min sample, σ had 

a more blocky shape at higher temperatures (with some cracks, Figure 42 b) and 

a combination of blocky and more coral-like shapes at lower temperatures (Figure 

42 d and f). Chi was observed in γ/δ boundaries as well as γ/σ boundaries. Chi 

phase was also found between secondary austenite grains. EBSD phase maps of 

RWM heat treated for 10 min are presented in Paper F, verifying the presence of 

σ and χ.  

 

Figure 42: BSE SEM micrographs showing microstructure of 1 min and 10 min arc 
heat treated samples for different temperatures. The contents of σ (grey) and χ 

(bright) phase increased with time. Sigma phase has a blocky shape at lower 
temperatures and a more coral-like morphology at higher temperatures in the 10 min 

sample. (From Paper F, printed with permission) 
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Nitrides were observed in the fusion boundary zone (or HT-HAZ) after 1 min 

and 10 min aging as shown in Figure 40 a and b. They precipitated inside ferrite 

grains and the content decreased with increasing heat treatment time and 

decreasing temperature. It should be noted that these most likely formed on 

cooling after heat treatment rather than during the arc heat treatment. 

7.3.2 Sigma phase fractions 

The calculated equilibrium and measured fractions of σ are shown in Figure 43 

for the samples heat treated for 1 min and 10 min. The fraction and precipitation 

temperature range of σ increased with increasing heat treatment time. As 

expected, the fraction of σ is far from the equilibrium fractions calculated by 

JMatPro even after the 10 min heat treatment.  

 

Figure 43: Measured and calculated equilibrium σ content calculated by JMatPro in 1 
min and 10 min arc heat treated samples. The maximum content of σ precipitated at 

780°C for both heat treatment times. (From Paper F, printed with permission) 

7.3.3 Sensitization 

Light optical micrographs of 1 min and 10 min weld metal samples after 

sensitization testing are presented in Figure 44. The FBZ was sensitized where 

nitrides precipitated for both heat treatment times.  The coarse γ2 formed at 

higher temperatures did not cause significant sensitization (Figure 44 b), but the 

finer forming at the lower temperature (Figure 44 c) did. Narrow ferrite arms 

among primary austenite grains were sensitized after 1 min at 780°C (Figure 44 d). 

After 10 min at the same temperature, the sensitization became much more 

pronounced as shown in Figure 44 f. Ferrite/austenite phase boundaries were also 

often sensitized after 10 min at 580°C. 
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Figure 44: Light optical micrographs of different regions in 1 min and 10 min heat 
treated weld metal samples after sensitization testing by electrolytical etching in 10% 
oxalic acid. a) Sensitization due to nitride precipitation in FBZ, b) coarse secondary 
austenite did not cause significant sensitization but c) fine intragranular secondary 

austenite was sensitized. d) Sensitization in narrow ferrite arms was seen at 780ºC, f) 
greater sensitization in 10 min sample at 780ºC and d) sensitization of ferrite/austenite 

phase boundaries. (From Paper F, printed with permission) 

7.3.4 Microhardness mapping  

Microhardness maps of the 1 min and 10 min samples are shown in Figure 45. 
After 1 min aging the average hardness tended to be slightly increased in the 
region heat treated at around 800ºC (arrow).  After 10 min aging, on the other 
hand, two regions with a higher hardness were observed as shown in Figure 45. 
These regions were located around 800ºC and 475ºC with maximum hardness 
values of 400 HV0.5 and 320 HV0.5, respectively.  

Sensitization 
Sensitization 

Sensitization 

Sensitization Sensitization 
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Figure 45: Microhardness maps of samples arc heat treated for 1 min and 10 min. 
The fusion zones are harder than before arc heat treatment. In the heat affected 

region, hardness increased slightly in regions heat treated at around 800°C in the 1 
min sample. The same region shows very high hardness after 10 min heat treatment. 

Another high hardness region was found corresponding to heat treating at about 
475°C in the same sample. (From Paper F, printed with permission) 

7.3.5 Spinodal decomposition 

As given in Paper G, light optical micrographs of etched cross sections of arc 
heat treated RBM and RWM samples showed bright bands around the 475ºC 
isotherm after 10 min arc heat treatment but not after 1 min. The microhardness 
maps show high hardness in the corresponding position after 10 min arc heat 
treatment but not after 1 min, as illustrated for RWM in Figure 45. The 
temperature range for the low-temperature transformation is detailed in Table 10. 
As presented in Paper G, the hardness increase is more pronounced for RWM.  
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8 Discussion 

8.1 Applicability of physical simulation techniques 

Two physical simulation techniques have been introduced to link thermal history 
to microstructure in SDSS base and weld metal. Although the techniques to 
produce the controlled repeatable thermal cycles are different, the methodology 
used for the physical simulation of materials processing is similar as shown in 
Figure 46. Recording thermal cycles provided information for temperature 
modelling and thermodynamic calculations. The samples fabricated by each 
process are, then, characterized using different techniques including optical and 
electron microscopy, XRD, sensitization screening testing, hardness 
measurement, etc. The thermal history, microstructure and properties, therefore, 
are interconnected. 

 

Figure 46: The methodological approach using new physical simulation techniques.  

The TIG remelting/reheating technique was used not only to investigate the 
kinetics of solid-state phase transformations in SDSS welds but also to study the 
nitrogen loss from the liquid state. It made it possible to investigate the evolution 
of microstructures produced over different peak temperatures (melting point to 
room temperature). Compared to a typical Gleeble equipment, it produced 
realistic welding temperature gradients and relevant graded microstructures. 
However, the technique could only be used for continuous cooling and the 
number of runs was limited due to distortion of the plate.  

Arc heat treatment, however, was employed to investigate the influence of longer 
heat treatment times. It provides the possibility to produce a wide range of 
microstructures in a single sample by simultaneously heat treating at all 
temperatures from room temperature to liquidus. It thereby greatly reduces 
material characterization time, as only one sample needs to be prepared and 
analyzed for each heat treatment time. Its flexibility, furthermore, permits the 
simulation of heat treatment cycles with controllable heating and cooling rates as 
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well as single and multiple welding thermal cycles. Possible applications of arc 

heat treatment technique were discussed in Paper D.  

8.2 Phase balance and properties in base metal  

In the present section, the influence of physical simulation on the microstructure 

and properties of BM is discussed. It should be noted that although the arc heat 

treatment time (10 h) was much longer compared to that of the multipass 

reheating (≤ 36 s); the results from the two techniques agreed. The nitrogen loss 

measured next to the arc heat treatment fusion boundary, for instance, proves the 

possibility of nitrogen loss during multiple reheating. Sigma phase also 

precipitated at some distance from the FB in the arc heat treated sample, which 

confirms the microstructures observed in zone 1 (precipitation free zone) and 

zone 2 (σ precipitation zone).  

8.2.1 Multiple reheating 

Two regions were detected to have a microstructure deviating from the optimal 

in the reheated BM: FBZ (fusion boundary zone, where nitride and high content 

of ferrite present) and Zone 2 (where sigma phase precipitated).  

As expected and reported in literature [75], higher contents of nitrides and more 

sensitization were observed at a lower heat input in the FBZ. In low heat input 

samples, approximately the same nitride precipitation pattern was obtained after 

all passes, as detailed in Paper A. It seems that nitrogen did not diffuse into the 

weld pool to a large extent due to the high cooling rate. Thus for welding passes 

two to four, existing nitrides dissolved during reheating and new particles 

precipitated during cooling. In contrast, no nitrides were observed after first and 

second high heat input passes, but the content of nitrides increased after the final 

two passes. The lower cooling rate promoted the precipitation of austenite during 

the initial two passes and all prior ferrite/ferrite grain boundaries were occupied 

with austenite. However, austenite did not form at some locations after four 

passes of high heat input leaving ferrite/ferrite grain boundaries where nitrides 

preferentially precipitated. Some nitrogen most likely diffused into the weld pool, 

where nitrogen was lost due to a longer solidification time compared to the lower 

heat input. Arc heat treatment of BM interestingly verifies the possibility of the 

solid-state diffusion of nitrogen, where long-range solid-state diffusion of 

nitrogen to FZ was observed.  

In Zone 2, located 1-4 mm from the fusion boundary, σ was the main precipitates 

observed. As detailed in Paper A, the temperature range of 828°C to 1028°C was 

chosen as the critical temperature range for precipitation of σ in the time scale of 

welding. This range was selected as σ is not stable, and therefore dissolves, above 
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1028°C and precipitation and growth takes long times at lower temperatures, in 

particular below approximately 828°C. Details about the evolution of σ content 

are discussed in Paper A. No sigma phase precipitated when the peak 

temperature was higher than 1028°C. This is expected as all nuclei of σ 

precipitated in the previous passes and during heating will dissolve due to the high 

peak temperature. Sigma phase precipitated and the content increased with 

increasing number of passes in zone 2 (828-1028°C). In this zone, not only could 

new σ nuclei form but existing precipitates formed during the previous passes 

could also grow during each additional pass.  

The variation of σ content with Δt1028/828, the total time experienced between 

828°C to 1028°C and number of passes is shown in Figure 47. The total time, as 

discussed in Paper A, correlates with the amount of σ precipitated after each pass. 

The same trend was reported for samples reheated in almost the same 

temperature region by Nishimoto et al. [44] in simulated HAZ of 2507. 

The content of σ in L4 (reheated four times with low heat input) was the same as 

in H24 (reheated two times with high heat input) even though Δt1028/828 was 6 s 

and 17.6 s, respectively. Hence, it seems that multiple reheating cycles are more 

favourable for the precipitation of σ than a single heating and cooling cycle. At 

lower temperatures, the nucleation rate is high due to a higher driving force for 

nucleation whereas, at higher temperatures, growth is the prominent 

phenomenon due to the higher diffusion rate [18, 76]. Continuous cooling from 

a temperature above the σ stability temperature range will promote rapid growth 

if cooling is slow but few nuclei will form. On the contrary, nucleation is more 

rapid at lower temperatures, while growth is slower. Thus, although the H1 

(reheated one time with high heat input) weld specimen spent more time in the σ 

formation temperature range, it contained less σ than L2 (reheated two times with 

low heat input). The precipitation of σ in zone 2, with peak temperatures between 

828-1028°C, was the main reason for the etching response seen as a dark band in 

Figure 20. 
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Figure 47: Variation of σ content with number of passes and total time in the critical σ 
formation temperature range (Δt1028/828). Left and right side curves show the content of 

σ in the samples welded with low and high HI, respectively.  Note that L4 and H2 
contain similar amounts of σ indicating the strong effect of multiple reheating. (From 

Paper A, printed with permission) 

8.2.2  Aging 

Diagrams providing information about the content of phases, their morphologies 

and hardness for temperatures from the melting point to 450ºC are shown in 

Figure 48 for the sample fabricated by arc heat treatment of BM for 10 h. Figure 

48 a shows that nitrogen content and temperature are two parameters governing 

the austenite and ferrite contents. A fully ferritic region formed above 1150C 

due to the nitrogen loss, illustrating the critical importance of nitrogen on the 

phase balance in SDSS. The austenite content was close to that predicted for 

equilibrium down to temperatures of 750ºC. A good agreement between the 

calculated and measured σ fractions was found between 750°C and 880°C 

(Table 3 and Figure 48), where the maximum hardness of the graded 

microstructure was achieved due to the high hardness of σ.  The measured and 

calculated phase contents at 640°C showed that the calculated σ content would 

not be met even if all remaining ferrite (7%) would transform to σ.  
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Dos Santos et al. [77], Nilsson et al. [78] and Hwang et al. [79] reported the 

transformation of austenite, χ or R-phase to σ in duplex stainless steels, 

respectively, which could be the missing links required to achieve the calculated σ 

content at this temperature. A more in depth discussion about the evolution of 

phase content and their characteristics may be found in Paper E. 

 

Figure 48: a) The measured contents of γ, σ, χ and χ+R+Thin film phases compared 

to the calculated contents predicted by thermodynamic calculations. Note that the 
calculated phase fractions are presented for 0 wt.% N above and for 0.265  wt.% N 

below 980ºC. b) A schematic illustration of the graded SDSS microstructure showing 
phases and their typical morphologies. c) Average hardness as a function of 

temperature on a background composed of representative BSE SEM images. (From 
Paper E, printed with permission) 
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A comparison between calculated equilibrium and measured compositions of σ is 

shown in Figure 49. The measured Ni content remained quite constant as also 

predicted by thermodynamic calculations. Calculations predicted an increase in 

the σ Cr content with decreasing temperature, but this was not found in the 

present study. The observed trend of reduction in Mo content with decreasing 

the temperature was well predicted although absolute values did not fully agree. 

Nilsson et al. [80] investigated the chemical composition of σ in a 29Cr-6Ni-2Mo-

0.38N alloy and reported a slight reduction in Cr content with decreasing 

temperature, but a similar trend as observed in this study for Mo and Ni. More 

details about the differences and similarities with thermodynamic calculations are 

presented in Paper H.  

 

 

Figure 49: Measured and calculated Cr, Mo and Ni content of σ precipitated at 
different temperatures. (From Paper H, printed with permission) 

The predicted and observed temperature ranges of Cr2N precipitation are in good 

agreement. The maximum amount of χ was observed outside the stability 

temperature range (predicted with JMatPro) at the temperatures where the σ-

phase content also deviates from the calculated fraction. Hence, the 

microstructure has not approached the equilibrium condition below 750°C as 

much longer time is needed to achieve equilibrium due to the slower diffusion at 

lower temperatures, particularly for substitutional elements such as Cr and Mo. 

Consequently, χ is not a stable phase and is expected to disappear for longer 

holding times, most likely by transforming to σ as reported by Nilsson et al. [78]. 

R-phase usually forms at δ/δ and ferrite subgrain boundaries but can also form 

intragranularly, having disc-shaped morphologies [81, 82].  Hwang et al. [79] 
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reported that R-phase precipitated more rapidly than σ at 600°C, which is in good 

agreement with the present study. 

The more pronounced corrosion attack in σ containing regions heat treated at 

lower temperatures may be explained by thermodynamics and phase 

transformation kinetics. Corrosion attacks were observed in γ2 precipitated next 

to σ below 750°C but not in γ2 formed at higher temperatures. The PREN for γ2, 

as calculated in Paper H, decreases from 32 for γ2 formed at 1000°C to 15 when 

formed at 630°C. In addition, metastable δ (between 630-900°C) will not be 

homogenized as it continuously decomposes into secondary phases such as γ2 and 

σ.  

The thermodynamic calculations predicted the stability of α+α’, Cu precipitates 

and austenite at 475ºC, which were detected by a combination of APT and XRD. 

A  minor degree of Cr and Fe separation has been reported even in as-quenched 

2507 SDSS [83]. However, the Cr amplitude of 14 at.% and wavelength of 10.5 

nm for the spinodal decomposition measured in this study indicate that the 

spinodal decomposition was notably developed after 600 min heat treatment at 

475ºC compared to the initial state of the microstructure. The comparison of 

spinodal decomposition kinetics in as-wrought and as-welded samples is 

discussed in the next section.    

8.3 Phase balance and properties in weld metal  

The results of multiple remelting passes and arc heat treatment complemented 

the study of the SDSS weld metal, where the changes caused by melting were 

investigated by remelting, but the solid-state transformations were studied by arc 

heat treatment. 

8.3.1 Multiple remelting 

A detailed discussion about the evolution of microstructure in the weld zone is 

presented in Paper B. The effects of heat input and nitrogen content on the 

ferrite contents of the weld zone is shown in Figure 50. The grey dashed line 

shows the variation of equilibrium ferrite contents versus nitrogen content at 

1100°C as calculated by Thermo-Calc. The slope of the variation of ferrite content 

in low heat input weld samples is slightly greater than that of high heat input 

samples. This means that with increasing nitrogen loss and thereby increasing 

ΔTS-A, difference between solidus and formation start temperature of austenite 

(°C), cooling rate plays a more crucial role in the precipitation of austenite. In 

other words, as austenite precipitation is postponed to lower temperatures at 

lower nitrogen contents, its rate, as a diffusion-controlled reaction, is less than 
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that at higher temperatures with higher nitrogen contents. Consequently, the 

cooling rate becomes more critical to control the final austenite content.  

 

  

Figure 50: Effect of heat input and nitrogen content on the ferrite percentage of the 
weld zone. The grey dashed line shows the equilibrium ferrite content at 1100°C 

calculated by Thermo-Calc. The nitrogen content has a larger effect on ferrite content 
for higher cooling rates. (From Paper B, printed with permission) 

An increasing number of remelting passes resulted in more pronounced etching, 

suggesting more severe sensitization. The δ/γ and δ/nitride interfaces were the 

most sensitized locations in the WZ. The reason for sensitization at δ/γ interfaces 

is not clear but there were some indications of nitride formation. Chromium 

depletion close to nitrides is well known to cause local corrosion attacks inside 

the ferrite grains [12, 30]. In addition, as detailed in Paper C, ferrite in the WZ is 

prone to pitting as shown by the calculation of PREN. The increased risk of local 

corrosion attacks in the WZ is, therefore, due to both the higher content of ferrite, 

with a lower PREN compared to the BM, and the precipitation of nitrides.  

8.3.2 Aging 

Schematic illustrations of the main phases of the weld metal, their morphology 

and phase fractions after 1 min and 10 min arc heat treatment are shown in Figure 

51. Changes, compared to the as-welded condition, are as expected more 

pronounced for longer heat treatment times. RWM, remelted weld metal, was 

markedly affected in a wide range of temperatures in the 10 min sample. For 
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instance, only a few σ particles were present at 800ºC after 1 min, but significant 
amounts of σ and secondary austenite were present after 10 min. 

Figure 51: Schematic illustrations of microstructure of weld metal after a) 1 min and b) 
10 min arc heat treatment. Significant amounts of secondary austenite and σ, together 
with some χ phase, had precipitated after 10 min arc heat treatment. (From Paper F, 

printed with permission) 

The austenite content decreased markedly above about 1250°C, as the stability of 
the ferrite increased and due to nitrogen loss. After 10 min the ferrite number was 
as high as 96 FN close to the arc heat treatment fusion boundary compared to 50 
FN in the unaffected remelted weld metal. Around 800°C there was instead a 
reduction in ferrite number of 20 FN due to the transformation of ferrite to 
secondary phases, such as secondary austenite, σ and χ.  

The driving force for precipitation of austenite, which is related to the difference 
between the initial and equilibrium austenite contents, increased with decreasing 
temperature. The austenite content increased during heat treatment by the growth 
of primary austenite and precipitation of secondary austenite between 
approximately 600°C and 1250°C. Finer secondary austenite, observed at lower 
temperatures (Figure 51), forms due to the slower diffusion and easier nucleation. 
At higher temperatures where nucleation is limited, growth is the prominent 
mechanism and therefore coarser secondary austenite forms. 

The most rapid precipitation of σ occurs between 750°C and 900°C, where 1 % 
σ formed in less than 1 min and with a maximum after 1 min of 3.2% at 780°C. 
This can be compared to results of Nilsson et al. [84] who reported precipitation 
of 1 % intermetallics at around 780-1000°C after 1 min in an SDSS weld metal. 
Different precipitation kinetics might be the result of different initial 
ferrite/austenite ratios, chemical compositions and heating rates to the holding 
temperature. Furthermore, the nose of the precipitation curve in the TTP diagram 
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predicted by JMatPro is located at least 100°C higher compared to the present 

results. A likely reason is that JMatPro does not consider the initial weld metal 

non-equilibrium distribution of alloying elements, which is expected to have a 

significant influence on the precipitation behaviour [74]. The comparison of 

different TTP diagrams are present in chapter 9. 

The precipitation of nitrides in highly ferritic regions, on cooling to room 

temperature, is a well-known phenomenon reported in the literature [63, 85-88]. 

Higher peak temperatures followed by rapid cooling to temperatures where 

nitrides are stable, increase the nitride content. This is due to that this restricts 

austenite formation and causes supersaturation of nitrogen in ferrite. The lower 

content of nitrides after 10 min, compared to after 1 min, is probably the result 

of nitrogen loss. 

There is a clear correlation between hardness and the σ content. The precipitation 

of 3.2 % σ after 1 min, only slightly increased the hardness. After 10 min, regions 

treated in the temperature range of 700-920°C show the maximum hardness, 

which are where the highest content of σ was observed. However, hardness is not 

a good indicator of the loss of mechanical properties, as the impact toughness has 

been reported to drop significantly also for 3 % σ [30]. The longer heat treatment 

time led to the precipitation of more intermetallics, especially σ, and hence more 

pronounced sensitization, which was also reported by Hertzman et al. [89]. As 

detailed in Paper F, the finer secondary austenite precipitating at lower 

temperature has much lower PREN, compared to the coarser one precipitating at 

higher temperatures. Therefore, the observed larger sensitization of finer 

austenite is in agreement with that predicted by calculations.  

The spinodal decomposition in three different microstructures (base material, 

remelted base material and remelted weld metal) is discussed here. Phase 

separations were observed for quite similar temperature ranges in BM, RBM and 

RWM, but the corresponding hardness values were quite different after 10 min 

arc heat treatment. Three different combinations of initial conditions can be 

compared as follows: 

Different initial microstructural morphology/similar chemical 

compositions: RMB showed a higher hardness increase than BM, as detailed in 

Paper G, which implies that remelting accelerates the 475ºC-embrittlement. 

Welding introduces residual stresses, which significantly accelerate phase 

separations [90, 91].  In addition, alloying element partitioning may affect the 

kinetics of phase separation. In Paper C, it was shown that autogenous remelting 

of 2507 SDSS decreased the partitioning of Ni to austenite and Cr and Mo to 

ferrite compared to the base material in as-received condition.  



DISCUSSION  

81 

 

Similar initial microstructural morphology/ different chemical 

compositions: The maximum hardness increase is 3.0% higher for RWM than 

for RBM although the maximum hardness is higher for RBM than RWM. This 

implies that the spinodal decomposition is more rapid in the RMW. It has been 

suggested that the higher content of Ni in the RWM may promote phase 

separations in this temperature range [90, 92]. This is in line with the fact that 

thermodynamic calculations showed that the ratio of α’/α is higher for the high 

Ni welding wire composition.  

Different initial microstructural morphology/ different chemical 

compositions: The increase in the maximum hardness of RWM is not only 

higher than for BM arc heat treated for 10 min arc heat treatment but also higher 

than for BM arc heat treated for 60 min. This indicates that the combination of 

higher Ni content and weld metal microstructural morphology significantly 

accelerated phase separations. This phenomenon is in line with the study by Zhou 

et al. [90],  who reported that weld metal with higher Ni content is more prone to 

475ºC-embrittlement.  
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9 Recommendations and practical 
outputs 

As an industrial PhD thesis work, the intention has been to suggest easy-to-apply 

recommendations for industrial applications of SDSS. In the present sections, 

some tools and recommendations introduced in this study are summarized.  

9.1 Nitrogen loss 

It was found that the degree of nitrogen loss will depend on the heat input (arc 

energy) and the initial steel or weld metal nitrogen content as summarized by the 

equations: ΔmN=-0.17·Earc·Ninitial obtained using linear fitting approach and 

ΔmN=-0.75·Earc·N2
initial obtained using a physical modelling approach. Where, 

ΔmN is nitrogen loss (wt.%), Earc is welding arc energy (kJ/mm), and Ninitial is the 

initial nitrogen content (wt.%). The formulas predicted the nitrogen loss 

reasonably well in the present study. Therefore, by having the arc energy and 

initial nitrogen content, it is possible to estimate the nitrogen loss if pure Ar-

shielding gas is used for TIG welding of DSS. 

As an example assuming welding of a steel with 0.25 wt.% N and minimum 

0.20 wt.% N is accepted, the formulas will predict a maximum acceptable arc 

energy of 1.1 kJ/mm -1.2 kJ/mm. General recommendations, however, usually 

allow up to 1.5 kJ/mm for TIG welding. 

The results of multiple remelting/reacting are directly applicable to repair 

welding. A wide range of initial nitrogen contents from 0.13 wt.% (which is the 

nitrogen content of three times TIG remelted sample with high heat input, H3, 

and therefore the initial content for forth pass, H4) to 0.28 wt.%, which covers 

most duplex grades, were studied. As thermal and physical properties of different 

grades are similar, it is therefore likely that the results of nitrogen loss behaviour 

by different arc energy and initial nitrogen content can be generalized.  

9.2 Multiple reheating 

As it was explained, reheating promotes the σ precipitation and results in the 

sensitization of microstructure. Reheating, therefore, shall if possible be avoided 

or at least minimized. The number of welding passes, in addition to cooling time, 

should be considered as a factor when designing welding procedures. The risk of 
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corrosion of different zones and recommendations to prevent and/or minimize 

detrimental effects are described in Table 13. 

Table 13: The risk of corrosion of different welding zones in autogenously multipass 
TIG welding of 6 mm SAF 2507 SDSS. 

Zone Risk of corrosion Recommendations 

Weld Zone 

High risk due to loss of 

nitrogen and nitride 

formation 

Use nitrogen containing 

shielding gases and/or 

filler metal 

Fusion boundary 

zone (above 

1250°C) 

High possibility due to 

nitride formation  

Possibly higher heat 

input to avoid rapid 

cooling 

 

Precipitation free 

zone (1028-

1250°C) 

Low risk, no secondary 

phases and proper ferrite 

content 

- 

Sigma phase 

precipitation 

zone (828-1028°C) 

High risk due to formation 

of sigma phase  

Fewer passes to avoid 

reheating 

Unaffected  

Base Material 
Low risk  - 

 

9.3 475°C-embrittlment 
 A time-temperature-transformation diagram for 475ºC-embrittlement is 

presented in Figure 52. An etching technique was employed to find the 

temperature range of phase separation in the present study but a 50% drop in 

toughness was considered in the industrial datasheet for this alloy. This suggests 

that when the etching behaviour of ferrite is changed, the degree of spinodal 

decomposition is sufficient to have a detrimental influence on the toughness. 
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Figure 52: Time-temperature transformation diagram for 475°C-embrittlement of 
2507 SDSS based on the present study, literature, industry datasheet and 

thermodynamic calculations. A good correlation between results of this study and 
industry datasheet for the studied base material is seen. (From Paper G, printed with 

permission) 

9.4 Time-temperature-precipitation and property 
diagrams 

Different diagrams proposed based on the present studies of samples heat treated 

for 1 min and 10 min are shown in Figure 53. The nose position of the curves 

should be used with caution as these could not be defined exactly based on the 

present study. The precipitation of secondary austenite is presented in Figure 53a. 

Start of σ precipitation, and typical morphologies are shown in Figure 53b. The 

precipitation of nitrides and χ is shown in Figure 53c. Time-temperature hardness 

and sensitization curves are presented in Figure 53d. The location of the nose of 

the curve for 475ºC embrittlement should be used with care as no indication of 

increased hardness (embrittlement) was found in the 1 min sample. 
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Figure 53: Proposed TTP diagrams for type 2509 super duplex stainless steel weld 
metal based on observations for 1 min and 10 min heat treatments. The diagrams 
also present information on the morphology of different phases and of sensitization 
and hardness above 285HV0.5 (embrittlement). a) Secondary austenite, b) sigma 
phase, c) chi phase and d) sensitization and hardness (embrittlement). Hardness 

increase was used to predict 475ºC embrittlement. Note: nitrides precipitate in highly 
ferritic regions on cooling after heat treatment. (From Paper F, printed with 

permission)
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10 Responses to research questions 

The objective of the study was “to gain knowledge about how multiple thermal 

cycles and aging treatments influence the evolution of the microstructure and 

properties of super duplex stainless steel base and weld metal.” In this thesis, 

detrimental thermal cycles resulting in unwanted phase transformations in super 

duplex stainless steel base and weld metal were studied using two novel physical 

simulation approaches. It was found that short reheating times at elevated 

temperatures, particularly above 1300°C, between 700-1000°C, and in the range 

of 400-500°C, caused degradation of properties. Results are summarized and 

presented below as responses to the research questions. 

 How to accurately and in a controlled way physically simulate thermal cycles of interest? 

(Papers A and E):  

Two novel techniques were introduced to physically simulate welding and aging 

treatments: multiple remelting/reheating and arc heat treatment.  In multiple 

remelting/reheating, mechanized autogenous bead-on-plate TIG welding with 

one to four passes were applied on a 6 mm thick type 2507 SDSS plate. In arc 

heat treatment, a stationary TIG arc was used to form a molten pool on the top 

surface of a sample that was water cooled on the back side. A steady-state 

temperature distribution within the sample (ranging from ambient to melting 

temperature) is thereby achieved and can be maintained for times ranging from a 

few seconds to several hours. Thermal cycles were recorded and modelling of the 

temperature distribution was performed to map the temperatures in the cross 

section for both physical simulation techniques. 

 How to evaluate the microstructure and properties of physically simulated materials? 

(Papers A to H):  

Different combinations of thermodynamic calculations, microstructure 

characterization techniques, as well as corrosion and hardness tests were 

employed to evaluate microstructure and properties. Image analysis, magnetic 

ferrite measurements, and EBSD phase map were used to measure 

ferrite/austenite fraction. Sigma, chi, nitrides and R-phase were studied by XRD, 

BSE SEM, EDS and EBSD. Spinodal decomposition was characterized by APT, 

etching technique and hardness mapping. Local nitrogen contents were measured 

by WDS. Corrosion was studied by sensitization and electrochemical pitting 
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corrosion tests.  The selection of suitable methods therefore depends on the 

microstructure and properties intended to be studied.  

 What are the resulting microstructural features after physical simulation? (Papers 
A, B, E, F, and G): 

Base material: Multiple reheating results in the precipitation of nitrides for high 

peak temperatures due to rapid cooling for low heat input and nitrogen loss for 

high heat input. For 10 h arc heat treatment, the aging at high temperatures 

resulted in nitrogen depletion and high ferrite content in the microstructure. 

Multiple reheating to intermediate temperatures (828-1028°C) caused 

precipitation of small quantities of σ. Up to 34 % sigma phase, as well as other 

phases such as chi, nitrides and R-phase, precipitated after 10 h arc heat treatment 

at temperatures between 550-1010°C. Finally, spinodal decomposition was 

observed already after 3 min arc heat treatment at an aging temperature of 475°C.  

Weld metal: Multiple remelting decreased the austenite to ferrite ratio due to 

nitrogen loss. Arc heat treatment of as-welded microstructures resulted in ferrite 

formation and nitrides precipitation at high temperatures (above 1300°C) and 

austenite formation at lower temperatures (between 630-1300°C). The fraction 

and precipitation temperature range of secondary austenite and sigma phase 

increased at longer arc heat treatment time. Chi phase and thin grain boundary 

films also precipitated at this temperature ranges. At temperature below 500°C, 

spinodal decomposition was observed, which was more pronounced in the weld 

metal with a higher Ni content.  

 What is the effect of the resulting microstructural features on hardness and corrosion 

resistance? (Papers B to H) 

Corrosion: Precipitation of secondary phases such as nitrides and sigma phase 

resulted in sensitization of the weld zone, at peak temperatures above 1250°C and 

between 828-1028°C after multiple reheating/remelting. In 10 h arc heat treated 

base material, pitting corrosion testing showed that selective corrosion occurred 

in the region aged between 630°C and 750°C where the microstructure contained 

fine coral-shaped σ.  

In the arc heat treated weld metal, the formation of sigma, chi, nitrides and fine 

secondary austenite caused significant sensitization. The sensitization temperature 

range increased from 720-840°C after 1 min to 580-920°C after 10 min heat 

treatment.  

Mechanical performance: The functionally graded base and weld metals 

produced by arc heat treatment showed a clear correlation between secondary 
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phase fractions and local hardness with an increased hardness in locations 

corresponding to sigma, R-phase and/or chi precipitation as well as to aging 

temperatures of 450-500°C, correlating to the well-known 475°C-embrittlement. 

Macro and micro-scale cracks formed in the base material in regions where σ 

precipitated after 10 h arc heat treatment.  

 What are the kinetics of nitrogen loss and its effects on the microstructure? (Papers 
B, D and E) 

Liquid state: Nitrogen loss resulted in high ferrite contents and nitride 

precipitation in the weld zone. Nitrogen loss was found to be a function of the 

initial nitrogen content of the material and welding arc energy. Two empirical 

formulas (ΔmN=-0.75·Earc·N2
initial and ΔmN=-0.17· Earc·Ninitial) were suggested to 

predict nitrogen loss in autogenous TIG welding of duplex stainless steels with 

argon shielding gas. Where, ΔmN is nitrogen loss (wt.%), Earc is welding arc 

energy, and Ninitial is the initial nitrogen content (wt.%). The formulas were 

obtained using a physical approach and linear fitting and both predict nitrogen 

loss well. 

Solid state: Nitrogen was depleted up to approximately 1.2 mm from the fusion 

boundary by solid state diffusion after 10 h arc heat treatment, while it was less 

than 0.l mm after 10 min arc heat treatment. The increase in the diffusion distance 

of nitrogen with time was in good agreement with the practical diffusion distance 

formula (x=√2𝐷𝑡) 

 Can thermodynamic calculations be used to predict phase balance for the physically 

simulated SDSS and weld metals? (Papers A to H): 

Effect of nitrogen loss: Thermodynamic calculations predicted that the austenite 

precipitation start temperature decreased with increasing nitrogen loss for the 

liquid-state loss. For the solid-state nitrogen loss, the phase balance and reduction 

in austenite formation temperature were correctly predicted by Thermo-Calc 

Fusion boundary zone: Correlating the equilibrium phase fraction and thermal 

cycles indicated that very high peak temperatures and high cooling rates resulted 

in high ferrite contents. Nitride precipitation in multiply remelted base material 

and arc heat treated weld metal was a side effect of high ferrite content which was 

not predicted by calculations.   

Sigma phase precipitation: Thermodynamic calculations helped to define the 

conditions leading to precipitation of sigma phase in the multiple reheated 

samples. Phase fractions in the 10 h arc heat treated samples achieved to the 

equilibrium sigma contents, as predicted by thermodynamic calculations, were at 
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750-880°C. The measured chemical composition of σ was similar to that predicted 

by thermodynamic calculations for 800-900°C but deviated at higher and lower 

temperatures. 

Other phases: In the arc heat treated samples, the precipitation of chi and R-

phase was not predicted by Thermo-Calc, as they are not equilibrium phases. 

Precipitation temperature of nitrides, formed during aging was correctly predicted 

but not for those formed on rapid cooling. Spinodal decomposition and Cu 

precipitation were correctly predicted by JMatPro at 475°C. 

Corrosion resistance: The selective corrosion of secondary austenite was 

explained in terms of composition for the arc heat treated base and weld metals 

using thermodynamic calculations.  

 What are the time-temperature transformation and properties diagrams for the SDSS 

base material and weld metals? (Papers E to F): 

Time-temperature-precipitation diagrams for chi and sigma phase in the weld 

metal were extracted as were time-temperature-hardness and sensitization 

diagrams. A time-temperature-transformation diagram for spinodal 

decomposition was presented for the base material and compared with literature 

results. 
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11 Future work 

Apart from providing answers to a number of questions the present study also 

showed that further work is needed. It is therefore suggested that future research 

could be aimed at answering the following questions:  

1. The technical approaches in the present study successfully provided 

recommendations for processing of super duplex stainless steels. A 

continuation would be to apply the present methods on other DSS alloys. 

2. Arc heat treatment provides a unique opportunity to produce desired thermal 

cycles with a simple and affordable device. Different alloying systems such as 

Ni-based and Al-based alloys as well as different steels are interesting to be 

studied using this technique.  

3. Practical formulas for nitrogen loss were generated in this study. However, 

these need to be verified for other duplex stainless steels. A question for 

further research would be: “What is the effect of arc energy on the degree of 

nitrogen loss in different duplex stainless steels?” It should be investigated if 

a nitrogen-containing shielding gas could be tailored to compensate for losses 

based on the welding method, initial nitrogen content and arc energy? 

4. Spinodal decomposition observed in the present study occurred already after 

3 min. It therefore means that decomposition could happen during welding 

of thick SDSS plates. An extended study with a combination of arc heat 

treatment, GLEEBLE simulation and real welding of thick materials is 

needed to investigate whether this is an actual risk in practical welding. 

5. Local corrosion studies using techniques such as scanning Kelvin probe force 

microscopy (SKPFM) and scanning vibrating electrode technique (SVET) are 

interesting to investigate the graded microstructure fabricated by arc heat 

treatment.   

6. Different morphologies for sigma, secondary austenite, and R-phase were 

observed. The possible future study could be the simulation of phase 

transformations and resulting microstructures using DICTRA and/or phase-

field modelling.  

Future studies based on the above mentioned issues would increase the general 

knowledge and help defining best practices to weld and process DSS to achieve 

optimum properties. The understanding of microstructure development from 

complex thermal cycles such as in welding of thick material or in additive 

manufacturing would also benefit from the future work suggested above.  
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Summaries of appended papers 

Paper A:  
Influence of multiple thermal cycles on microstructure of 
heat affected zone in TIG welded super duplex stainless 
steel 
Paper A was focused on the effect of multiple thermal cycles and welding heat 

input on the microstructure of the heat affected zone in a 2507 super duplex 

stainless steel. One to four bead-on-plate autogenous TIG weld passes were made 

with two different heat inputs that were within the recommended range for 

welding of SDSS. It was observed that different zones formed next to the weld 

zone.  Nitrides precipitated in all low heat input passes and after the third and 

fourth high heat input passes in the regions with peak temperatures above 

1250°C. A precipitate free zone was seen adjacent to the nitride band in the 

regions with peak temperatures of 1028-1250°C. Sigma phase precipitated only in 

regions which were heated to a peak temperatures in the range of approximately 

828°C to 1028°C. Multiple reheating was found to promote precipitation of sigma 

phase more pronounced rather than slower cooling.  

 

Paper B:  
Nitrogen loss and effects on microstructure in multipass 
TIG welding of a super duplex stainless steel 
In Paper B, effects of multiple remelting passes on the microstructure and 

nitrogen loss of the weld zone in the samples produced for Paper A were studied. 

Nitrogen content was after four passes reduced from 0.28 wt.% in the base metal 

to 0.17 wt.%  and 0.10 wt.%  in low and high heat input samples, respectively. 

Nitrogen loss resulted in a more ferritic structure with larger grains and nitride 

precipitates. The ferrite grain width increased with increasing number of passes 

and heat input. Ferrite content increased from 55 % in base metal to 75 % at low 

and 79 % at high heat inputs after four passes. Two equations were introduced to 

predict the final nitrogen content of the weld zone as a function of initial nitrogen 

content and arc energy. 
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Paper C:  
Effect of multipass TIG welding on the corrosion resistance 
and microstructure of a super duplex stainless steel 
Paper C was aimed at studying how different microstructures, characterized in the 

previous papers, respond to sensitization testing. Multiple remelting resulted in 

significant loss of corrosion resistance of the weld zone. This was observed in the 

base material next to the fusion boundary, where nitrides formed, and in a zone 

1 to 4 mm from the fusion boundary, where sigma phase had precipitated. 

Thermodynamic calculations predicted that corrosion properties cannot be 

significantly restored by a post weld heat treatment due to the loss of nitrogen. 

 

Paper D:  
A novel arc heat treatment technique for producing graded 
microstructures through controlled temperature gradients 
The arc heat treatment technique for production of samples with graded 

microstructures through the application of controlled temperature gradients is 

introduced. Steady state temperature distributions within the sample can be 

achieved and maintained, for times ranging from a few seconds to several hours. 

The technique reduces the number of samples needed to characterize the 

response of a material to thermal treatments, and can consequently be used as a 

physical simulation method for materials processing. The technique is suitable for 

conventional heat treatment, welding simulations, multi-step heat treatments, and 

heat treatments with controlled heating and cooling rates. A model for calculation 

of the temperature distribution within the sample, which is employed in the 

following papers, is introduced.  

 

Paper E:  
Microstructure and functionality of a uniquely graded super 
duplex stainless steel designed by a novel arc heat 
treatment method 
Paper E presents the results of applying the arc heat treatment technique for 10 h 

to produce a uniquely graded super duplex stainless steel. The microstructure was 

characterized and functionality was evaluated via hardness mapping. Results 

showed nitrogen depletion adjacent to the fusion boundary which depressed the 

upper temperature limit for austenite formation and influenced the phase balance 

above 980°C. Phase fractions and stability were compared to thermodynamic 
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calculations and morphology and orientation relationships of sigma, chi, nitrides 

and R with the matrix were studied. Finally, a schematic diagram, giving 

information about phase contents, morphologies and hardness, as a function of 

exposure temperature, is introduced for evaluation of functionality of 

microstructures. 

 

Paper F:  
Time-temperature-precipitation and property diagrams for 
super duplex stainless steel weld metals 
Super duplex stainless steel weld metal microstructures, covering the complete 

temperature range from ambient to liquidus, were produced by arc heat treatment 

for 1 minute and 10 minutes. Temperature modelling and thermodynamic 

calculations complemented microstructural studies, hardness mapping and 

sensitization testing. After 1 min, intermetallics such as sigma and chi phase had 

precipitated, resulting in moderate sensitization at 720-840°C. After 10 min, larger 

amounts of intermetallics resulted in hardness up to 400 HV0.5 and more severe 

sensitization at 580-920°C. Coarse and fine secondary austenite precipitated at 

high and low temperatures, respectively. The finer secondary austenite was more 

detrimental to corrosion resistance. Results are summarized as time-temperature-

precipitation and property diagrams for hardness and sensitization. 

 

Paper G:  
Spinodal decomposition in functionally graded super 
duplex stainless steel and weld metal 
Low-temperature phase separations (T<500°C), resulting in changes in 

mechanical and corrosion properties, of super duplex stainless steel (SDSS) base 

and weld metals were investigated for heat treatment times of 0.5-600 min using 

the arc heat treatment technique. Three different initial material conditions 

including 2507 SDSS, remelted 2507 SDSS and 2509 SDSS weld metal were 

investigated. Selective etching of ferrite, indicating phase separations, occurred in 

regions heat treated at 435-480°C already after 3 min. Atom probe tomography 

results revealed spinodal decomposition of ferrite and precipitation of Cu 

particles. Microhardness mapping showed that weld metal microstructure and/or 

higher Ni content accelerated decomposition compared to that of the base metal. 

The arc heat treatment technique combined with microhardness mapping and 

electrolytic etching was found to be a successful approach to evaluate the kinetics 

of low-temperature phase separations in SDSS, particularly at its earlier stages. 
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A time-temperature-transformation diagram was proposed showing the kinetics 

of 475°C-embrittlement in 2507 SDSS base metal. 

 
Paper H:  
Effect of sigma phase morphology on degradation of 
properties in a super duplex stainless steel 
In paper H, it is shown that the degradation of mechanical properties and 

corrosion resistance is affected by sigma phase-morphology. The corrosion 

resistance and mechanical properties of 2507 super duplex stainless steel were 

studied after 10 h arc heat treatment using microscopy, corrosion testing and 

thermodynamic calculations. Sigma phase precipitated as the major intermetallic 

between 630°C and 1010°C and its morphology changed from blocky to fine 

coral-shaped with decreasing aging temperature at the same time as the thickness 

decreased about 80%. The chemical composition was similar to that predicted by 

thermodynamic calculations for 800-900°C, but deviated at higher and lower 

temperatures. The microstructure containing blocky sigma phase showed a high 

local misorientation in the bulk of primary austenite grains but misorientation was 

most pronounced in the secondary austenite grains next to coral-shaped sigma 

phase. Microstructures with blocky and coral-shaped sigma phase were prone to 

develop microscale cracks and local corrosion attacks, respectively. The local 

corrosion attacks occurred primarily in the low PREN secondary austenite, as 

predicted by thermodynamic calculations, and in ferrite.  



Tidigare avhandlingar - Produktionsteknik 
PEIGANG LI, Cold lap formation in gas metal arc welding or steel: an experimental 
study of micro-lack of fusion defects, 2013:2. 

NICHOLAS CURRY, Design of Thermal Barrier Coating Systems, 2014:3. 

JEROEN DE BACKER, Feedback Control of Robotic Friction Stir Welding, 
2014:4. 

MOHIT KUMAR GUPTA, Design of Thermal Barrier Coatings: A modeling 
approach, 2014:5. 

PER LINDSTRÖM, Improved CWM platform for modeling welding procedures 
and their effects on structural behavior, 2015:6. 

ERIK ÅSTRAND, A Framework for optimized welding of fatigue loaded 
structures: Applied to gas metal arc welding of fillet welds, 2016:7. 

EMILE GLORIEUX, Multi-Robot Motion Planning Optimization for Action 
Sheet Metal Parts, 2017:10. 

EBRAHIM HARATI, Improving fatigue properties of welded high strength steels, 
2017:11. 

ANDREAS SEGERSTARK, Laser Metal Deposition using Alloy 718 Powder: 
Influence of Process Parameters on Material Characteristics 2017:12. 

ANA ESTHER BONILLA HERNÁNDEZ, On cutting tool resource 
management, 2018:16. 

SATYAPAL MAHADE, Functional Performance of Gadolinium Zirconate/Yttria 
Stabilized Zirconia Multi-Layered Thermal Barrier Coatings, 2018:18. 

ASHISH GANVIR, Microstructure and Thermal Conductivity of Liquid Feedstock 
Plasma Sprayed Thermal Barrier Coatings, 2018:20. 

AMIR PARSIAN, Regenerative Chatter Vibration in Indexable Drills: Modeling 
and Simulation, 2018:21. 

ESMAEIL SADEGHIMERESHT, Chlorine-induced high temperature corrosion 
or HVAF-sprayed Ni-based alumina and chromia forming coatings, 2018:23. 

 







Super Duplex Stainless Steels – 
Microstructure and Properties of Physically 
Simulated Base and Weld Metal
Welding and aging of super duplex stainless steels are associated with the risk of precip-
itation of deleterious phases and formation of excessive amounts of ferrite. The present 
study was therefore aimed at gaining knowledge about the effect of multipass welding 
and aging on the microstructure and properties.
Controlled and repeatable thermal cycles were physically simulated using the innovative 
multiple TIG reheating/remelting and the arc heat treatment techniques. It was found 
that short reheating times at elevated temperatures, particularly above 1300°C, between 
700-1000°C, and in the range of 400-500°C, caused degradation of properties. There-
fore, welding with a minimum number of passes and avoiding aging at critical tempera-
ture ranges shall be considered to reduce the risk of detrimental phase formation in super 
duplex stainless steel base and weld metal.
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