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Abstract 
Stainless steels are high-alloyed, usually with multiple components and 

often also dual matrix phases, as for duplex stainless steels. This make 

predictions and calculations of alloying effects on equilibria and 

transformations complicated. Computational thermodynamics has 

emerged as an indispensable tool for calculations within these complex 

systems with predictions of equilibria and precipitation of phases. This 

thesis offers examples illustrating how computational methods can be 

applied both to thermodynamics, kinetics and coarsening of stainless 

steels in order to predict microstructure and, to some extent, also 

properties. The performance of a current state-of-the-art commercial 

thermodynamic database was also explored and strengths and 

weaknesses highlighted.  

 

 

Keywords: Stainless Steels, Duplex, Ferrite, Austenite, Computational 

Thermodynamics, Thermo-Calc, Dictra 
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Preamble 
This thesis provides a set of examples on how to apply Thermo-Calc 

and Dictra on stainless steel issues. The main work has been done on 

duplex stainless steels but one of the appended papers is on 316 

austenitic weld metals. A connoisseur would argue that this is also 

duplex since these welds contain 5-10 % ferrite in order to avoid hot 

cracking. Computational thermodynamics is a powerful and versatile 

tool for predictions and to increase the understanding of these complex 

systems. 

 

To guide the reader, a quick overview of the appended papers is given 

below so that areas of interest easily can be chosen. 

 

By the computer: I II III IV V VI VII 

Thermodynamics √ √ √ √ √ √ √ 

Kinetics - √ √ √ - - - 

Coarsening - - - - - - √ 

 

In the laboratory: I II III IV V VI VII 

Heat treatments √ - - - - - √ 

Metallography √ - - - √ √ √ 

Mechanical testing - - - - - √ - 

Corrosion testing - - - - √ √ - 

 

 

The marks above show where the majority of work has been done, both 

in front of the computer and in the laboratory. The statistics of 

theoretical versus experimental research is thus 11 to 9, i.e. a slight 

overweight towards computing. 

 

The work presented in this thesis was done at Swerea KIMAB AB as 

parts of research projects in collaboration with Outokumpu Stainless 

AB, AB Sandvik Materials Technology and ESAB AB. These projects 

have delivered research reports as the final product, with limited 

dissemination as a natural consequence. But with encouraging support 

of former department managers, industrial partners and academia these 

have been refined and the appended papers written.  
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1 Introduction  
This thesis is an application of computational thermodynamics and 

kinetics on equilibria and phase transformations in, mainly, duplex 

stainless steels. The size of this is immense and this work can only give 

a limited insight. The purpose is to show how computational 

thermodynamics can be used to understand and predict microstructure 

development and, to some extent, also properties of stainless steels. The 

field of stainless steels is very complex due to the fact that the steels 

may consist of different phases and the alloying level is usually quite 

high with many components. The result is a very complex system with 

great demands on knowledge of materials and the ability to critically 

validate data output.  

 

Computational thermodynamics has emerged as powerful tool since the 

beginning in the 1970’s. Calculations at that time requiring days can 

now be done within seconds on a laptop PC, and with even better 

results thanks to constantly improving databases. The applications are 

multitude including all aspects of steel making from casting to 

properties, gas phase calculations et cetera. Nevertheless is it important 

to stress that all calculations rely on a thermodynamic database and the 

output will be as good as the database is, or as bad. The precision and 

reliability of databases, as applied to duplex stainless steels, is also 

discussed in one of the appended papers.  

 

Stainless steels have undergone rapid development and many new 

grades have been presented over the years with improved performance 

in terms of corrosion resistance and mechanical properties. The 

application of thermodynamic databases has meant that the lead time 

from idea to product has been reduced dramatically. However, it also 

sets demands on the precision of the database.  
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2 Aim of this work 
The aim of this work was to critically evaluate and demonstrate 

different aspects of applying computational methods for 

thermodynamics, kinetics and coarsening to stainless steel materials.  

 

 

 

2.1 Experimental conditions 
The experimental efforts in this thesis consisted of classic 

metallographic work by manufacture of laboratory heats, heat 

treatments, preparation of specimens by wet grinding, polishing and 

etching and light optical as well as scanning electron microscopy work. 

The mechanical property testing consisted of tensile and impact 

toughness testing while corrosion testing was done by pitting corrosion, 

weight loss and immersion testing. Details of this work are given in 

each of the appended papers.  

 

 

 

2.2 Theoretical models 
The theoretical work in this thesis consisted mainly of application of 

computational methods in thermodynamics, kinetics and coarsening to 

stainless steels. By using computational methods, an enhanced 

understanding of, and support to, the experimental work was facilitated. 

Using empirical models the computational methods were applied to 

verify and predict microstructure and, to some extent, also properties. 

Since the output from such calculations depends on a reliable database, 

the predictive capability of a thermodynamic database was evaluated by 

using long-term heat treatments and evaluation of microstructure 

compositions and fractions.  
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3 Stainless steels  
 

 

 

3.1 Introduction  
The history of stainless steels starts around 1910, in Germany with 

Friedrich Krupp AG and in England with Thomas Firth & Sons [1]. 

One of the first applications of stainless steel was for cutlery, which 

proved to be “stainless” compared to previous items manufactured from 

plain carbon steel. Since then, extensive technological advances have 

been made in metallurgy, casting, rolling and physical metallurgy. The 

world production of stainless steel in 2011 was 33365 and in 2012 

34204 kilo tonnes. Swedish stainless steel production for 2011 was 586 

and in 2012 510 kilo tonnes [2], less than 2 % of the world market. 

Swedish stainless steel production is however specialised towards 

highly alloyed and advanced applications and an estimated 60 % of the 

world production of duplex stainless steels is in Sweden [3].  

 

The stainless steels are generally divided in groups named after their 

microstructure: ferritic, austenitic and martensitic and mixtures of 

these. Among these, ferritic-austenitic or duplex is the main focus of 

this thesis.  

 

Ferritic stainless steels have the body centred cubic (BCC) structure, 

are ferromagnetic and are generally alloyed with 12-25 % Cr. They are 

today mainly used in structural applications and household goods 

where corrosion requirements are less demanding and they have 

replaced much of the austenitics due to increasing and fluctuating 

nickel prices. There is a trend in less demanding applications to switch 

from the habitual use of a low-alloyed austenitic grade to a ferritic 

grade, the reason being savings in the nickel cost [4]. The ferritics have 

higher proof strength than austenitics but toughness is lower and 

welding properties are poorer, compared to the austenitics.  

 

Austenitic stainless steels have the face centred cubic (FCC) structure 

and dominate the stainless market. The 304 (18 % chromium and 8 % 
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nickel, i.e. 18-8) and the molybdenum alloyed 316 are well known. The 

austenitic grades are alloyed with about 15-25 % Cr and 8-18 % of the 

austenite-former nickel. They may also be alloyed with nitrogen and 

molybdenum in order to further increase corrosion resistance and 

structure stability. They are non-magnetic, have high toughness and a 

lower proof strength compared to ferritics.  

 

Martensitic stainless steels develop the martensitic microstructure after 

quenching from the austenitic temperature range and are mainly alloyed 

with carbon, up to 1 %, and chromium, up to 18 %. They usually have a 

low corrosion resistance, are ferromagnetic and are used in applications 

where high wear in combination with some corrosion resistance is 

required.  

 

Duplex stainless steels contain about equal fractions of ferrite and 

austenite and combine many of the advantages of the single phase 

alloys but avoid some of the disadvantages. Modern duplex stainless 

steels are alloyed with nitrogen which gives them good welding 

properties. The main characteristics are high strength, good toughness, 

good stress corrosion properties and a lower alloy cost thanks to the 

lower nickel content.  

 

An overview of some common stainless steels with EN European 

standard designation, microstructure and nominal composition is given 

in Table 1.  

 

Table 1. Nominal composition of common stainless steels, wt-% 

Grade:  C Cr Ni Mo N 

EN 1.4016 Ferritic 0.04 16.5 - - - 

EN 1.4301 Austenitic 0.04 18.1 8.3 - - 

EN 1.4401 Austenitic 0.04 17.2 10.2 2.1 - 

EN 1.4547 Austenitic 0.01 20 18 6.1 0.20 

EN 1.4006 Martensitic 0.15 12 - - 0.04 

EN 1.4362 Duplex 0.02 23 4.8 0.3 0.10 

EN 1.4462 Duplex 0.02 22 5.7 3.1 0.17 

EN 1.4410 Duplex 0.02 25 7 4 0.27 
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3.2 Alloying elements of stainless steels  
The reason for the resistance of stainless steels to corrosion is the 

passive layer which forms above about 12 % chromium, Fig. 1. 

Depending on environment, this passivity and corrosion resistance can 

be increased by addition of other elements such as molybdenum, 

nitrogen, copper et cetera. The main characteristics of the different 

alloying elements in stainless steels are briefly summarised below.  

 

 
Fig. 1. The essence of stainless - corrosion rate of iron-chromium alloys 

in intermittent water spray at room temperature [5]. 

 

 

Chromium is the main and defining element of a stainless steel since at 

elevated levels, above 12 %, it will give the steel the passive film which 

makes it corrosion resistant – stainless [6]. The level of chromium 

varies from the lower critical limit 12-13 % and up to about 30 % in 

higher alloyed steels. Chromium is a ferrite stabiliser and increases the 

resistance to both general and localised corrosion [7]. The practical 

upper limit of chromium addition is about 30 %, above which the 

tendency to formation of intermetallic phases becomes a problem. It 

can also be noted that chromium enhances the solubility of nitrogen [8].  
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Nickel is added to stainless steels mainly for microstructure reasons, as 

a strong austenite stabiliser, rather than for corrosion property reasons. 

The level of nickel varies from none in low-alloyed ferritic stainless 

steels to up to 20 % in superaustenitics and in nickel-base alloys it has 

replaced iron as the key element. Nickel also plays an important role 

for impact toughness for duplex alloys, which is discussed extensively 

in Paper VI. The effect on corrosion has not been a frequent issue but a 

slight positive effect on pitting corrosion resistance has been reported 

[9]. Due to fluctuations in the nickel price in recent years efforts have 

been made on partial replacement by other elements such as the 

combination nitrogen and manganese [10]. The 200 series Cr-Mn steels 

and lean duplex stainless steels are examples of this.  

 

Molybdenum is a ferrite stabiliser, but the main reason for addition is 

the strong positive effect on the corrosion properties. Molybdenum 

improves both general and localised [11] corrosion resistance as also 

the passivation properties [12]. The strong influence of molybdenum is 

seen in the pitting resistance equivalent PRE [13]. This is an empirical 

approach, described further in the property section, to relate the pitting 

corrosion resistance to the alloy content and it is usually given as 

PRE=Cr+3.3Mo+16N. This indicates that the effect of Mo on pitting 

resistance is about three times stronger than chromium [14]. A negative 

effect of molybdenum addition is that it promotes the precipitation of 

secondary phases such as sigma and chi phase, which deteriorate 

mechanical and corrosion properties [15] and therefore usually no more 

than a few percent are added. An important high-Mo stainless steel 

group is the superaustenitics, or 6Mo steels [16], designed for service at 

high chloride levels.  

 

Tungsten shares about the same pros and cons as molybdenum, its PRE 

is given as 3.3(Mo+0.5W) due to the larger atomic mass of W [11]. The 

influence of tungsten and molybdenum on secondary phase 

precipitation in stainless steels has been a topic of a long scientific 

discussion [17,18], but both elements are used with the same purpose.  

 

Manganese is generally considered to be an austenite former, although 

the effect seems to vary depending on Mn-level and other alloying 

elements. The main purpose in stainless steel, apart from traditional 

sulphur-binding purposes, is that it increases the solubility of nitrogen 

in liquid iron and in austenite [19,20]. It however has a negative effect 
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on general and pitting corrosion properties in Cr-Mn stainless steels 

[21]. The combination manganese and nitrogen requires skilled alloy 

design since it may result in an unbalanced pitting corrosion resistance 

in duplex steels. The positive effect of nitrogen is located primarily to 

the austenite while the negative effect of manganese also affects the 

ferrite, discussed further in Paper VI.  

 

Copper is an austenite stabiliser but is generally avoided as an alloying 

element in steels due to the tendency to promote hot cracking [22]. In 

stainless steels, copper is added to some grades in order to improve 

corrosion resistance in reducing acids such as for example diluted 

sulphuric acid [23].  

 

Nitrogen as an alloying element was introduced with modern 

steelmaking, the AOD process (Argon Oxygen Decarburisation). It 

deviates from other alloying additions being an interstitial element and 

has multiple effects on both corrosion and mechanical properties and 

also phase balance and precipitation behaviour. It acts as a strong 

austenite former, improves localised corrosion resistance [24], with a 

synergistic effect between Mo and N [25] and has a retarding effect on 

intermetallic phase precipitation in austenitic stainless steels [26]. 

Nitrogen also increases proof and tensile strength [8] and toughness 

[27] of stainless steels. Rapidly diffusing nitrogen, ensuring good 

austenite reformation, has also rendered excellent welding properties to 

duplex stainless steels previously suffering from poor heat-affected 

zone properties due to high ferrite content [28]. The negative aspect of 

nitrogen additions is the tendency to form nitrides during thermal 

cycles, which negatively affect corrosion [29] and mechanical 

properties [30].  

 

Carbon levels are generally kept quite low in modern stainless steels,  

<0.02 %, due to the affinity of chromium to carbon leading to 

intergranular corrosion during welding. Generally only martensitic 

stainless steels have carbon as an alloying element, with levels of about 

0.1-1.5 % [31].  
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3.3 Phases in stainless steels  
The matrix phases of stainless steels are ferrite and austenite, with 

martensite being achieved by diffusionless transformation of austenite. 

The ferritic and duplex steels solidify with ferrite as the leading phase 

and in duplex steels, the austenite is formed in solid phase during 

continued cooling. Austenitics may solidify peritectically with ferrite 

and/or austenite as the leading phase, with the ferrite transforming to 

austenite during continued cooling or just fully austenitic.  

 

While grain size is the usual parameter when discussing 

microstructures, the frequently-used parameter for duplex stainless steel 

base material is austenite spacing. It is measured by light optical 

microscopy as the distance in the ferrite between two austenite units on 

a longitudinal section [32]. The reason for using austenite spacing is 

that it is easily accessed via light optical microscopy while the grain 

size of the ferrite and the austenite would require electron microscopy 

methods.  

 

 
Fig. 2. Schematic TTP, time-to-precipitation, diagram for duplex 

stainless steels with secondary phases and influence of alloying 

elements, Charles [15].  

 

 

Non-desired secondary phases such as intermetallics, nitrides and 

carbides, forming at lower temperatures usually always have a more or 
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less significant detrimental influence on corrosion and/or mechanical 

properties. Intermetallic phases consist of two or more metallic 

elements combined in an often very complex structure. A principal 

overview of phases and the influence of alloying elements is given in 

Fig. 2 for duplex stainless steels. The main intermetallic phases are 

sigma (), chi (), Laves, R, eta (), carbides M6C, M23C6 and M7C3 

and the nitrides (Cr,Fe)2N but also (Cr,Fe)N and pi (). An important 

aspect to consider when discussing precipitation of phases at lower 

temperatures is that full equilibrium is rarely achieved within time 

limits usually involved for technical heat treatments of stainless steels. 

A reasonable assumption is that 1000 h at 1000 °C gives full 

equilibrium, discussed further in Paper I. A simple random walk 

diffusion distance calculation using this assumption will give the 

corresponding time at 700 °C as 425 years, quite unachievable for 

reasonable heat treatments. It is consequently important to realise that 

not all phases are equilibrium phases but may transform to other phases 

during subsequent heat-treatment. Corrosion and mechanical properties 

are, for a high-alloyed stainless steel at critical temperatures, negatively 

affected within minutes while lower alloyed steels are less sensitive.  

 

The most notorious intermetallic phase in stainless steels is sigma (), 

first reported by Bain and Griffiths in 1927 as B constituent [33]. Sigma 

phase has, however, also often been used as a generic term for 

intermetallic phases in general due to limited possibility or interest for 

exact determination [34]. Depending on alloy level of mainly 

chromium, molybdenum and tungsten it is formed within minutes 

(highly alloyed) or hours (lower alloyed) between about 600 °C and 

1100 °C. The tetragonal 32 atom unit cell, basically Fe-Cr-Mo, is rich 

in Cr, Mo, Si and W and poor in Ni and Mn [35]. It is a non-magnetic, 

hard and brittle phase and is mainly formed by decomposition of ferrite 

to sigma phase and austenite and in the initial state it is often seen as 

typical precipitates at triple junctions and ferrite/austenite boundaries in 

duplex steels. Deformation is also known to increase the amount of 

nucleation sites [36] and growth rate is quite rapid. The strong concern 

and extensive efforts for investigations on the sigma phase are due to 

the deleterious effect on toughness and corrosion properties [37].  

 

Chi () phase is less frequently observed but forms at temperatures 

between 700 and 900 °C, somewhat lower than sigma phase [38]. It has 
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higher molybdenum and tungsten content so atomic number contrast in 

back scatter mode is an efficient way of identifying chi phase in the 

steel. The chi phase has the same detrimental influence on properties as 

sigma but it is difficult to study the individual effect as it mostly 

coexists with other intermetallic phases [39]. Laves phase, sometimes 

denoted as λ in the literature is a hexagonal phase with nominal 

composition Fe2Mo [40]. Laves phase can precipitate in duplex 

stainless steels at prolonged ageing (100 h) at 800 °C under certain 

circumstances [41] and the precipitation is also accelerated by Si [42]. 

The R-phase is a molybdenum-rich intermetallic phase found in 

superduplex stainless steels between 550 and 700 °C. At 600 °C the 

precipitation occurs before sigma phase and results in a significant loss 

of toughness [43].  

 

Carbides, mainly M6C and M23C6, are not frequently observed in 

standard stainless steels due to the low carbon content, around 0.01-

0.02 % [39]. Before the possibility to reduce carbon to the mentioned 

levels, grain boundary sensitization, i.e. carbide precipitation was a 

serious corrosion problem and methods to detect this were developed 

[44-46]. A classical theoretical description of grain boundary carbide 

sensitisation and subsequent healing in an 18Cr-8Ni austenitic stainless 

steel was given by Stawström and Hillert 1969 [47]. The issue is 

discussed further by Lagneborg [48] for duplex stainless steels, known 

to have a low susceptibility to this type of corrosion. The explanation 

follows the reasoning by Stawström and Hillert concluding that the 

depleted zone in the ferrite phase has chromium content above the 

critical level and the depleted zone width is below critical values in the 

austenite.  

 

Most modern stainless steels are alloyed with nitrogen, up to about  

0.5 %, since it is a cost efficient and potent austenite former with many 

advantages. A consequence of this, though, is that nitrides may form, 

impairing corrosion and mechanical properties. While ferritic stainless 

steels contain low levels <0.02 %, duplex stainless steels have about 

0.1-0.3 % and austenitics up to 0.5 % nitrogen. The principal difference 

in level is due to the higher solubility of nitrogen in the austenitic phase 

compared to the ferrite [49]. The nitrogen solubility in duplex stainless 

steels is somewhat more complicated since they solidify with ferrite as 

the primary phase and austenite is formed in solid phase during the 

continued cooling, an issue discussed in Paper IV. Principally the 
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formation of nitrides may be divided into two categories: isothermal 

and quenched-in nitrides. The difference is, as the names suggest, that 

isothermal nitrides are formed during heat-treatments for prolonged 

times while quenched-in form during rapid cooling. The quenched-in 

nitrides are preferably formed in grain or phase boundaries. Quenched-

in nitrides are mainly an issue for the two-phase duplex steels where the 

nitrogen solubility of the ferrite is significantly larger at higher 

temperatures and very limited at lower temperatures. A rapid cooling 

will give rise to characteristic “swarms” of nitrides in central parts of 

larger ferrite areas where time has been insufficient for the nitrogen to 

escape to the adjacent austenite with higher nitrogen solubility. The 

precipitation of quenched-in nitrides may interestingly be hindered by 

addition of austenite promoters such as nickel and nitrogen [50,51] 

giving a more balanced structure. The quenched-in nitrides are mainly 

Cr2N but CrN has been observed [52]. The pi (π) nitride is a Cr and Mo 

rich nitride which has been identified at intragranular sites after 

isothermal treatment at 600 °C for several hours [53]. In a corrosion 

study of isothermal Cr2N nitrides from duplex stainless steel annealed 

for six months at 800 °C [54] it was shown that the nitrides had the 

highest Volta potential, i.e. the highest corrosion resistance. The Eta () 

phase is a silicon-rich nitride isomorphous with M6C, observed [55] in 

a 20Cr-25Ni-5Mo-0.20N austenitic stainless steel after 3000 h at  

850 °C.  

 

The upper service temperature of ferritic and duplex stainless steels is 

limited to about 250 °C, due to what is known as the 475 °C 

embrittlement of the ferrite [56], also known as spinodal 

decomposition. This embrittlement leads to loss of mechanical 

properties within time of service for technical applications. The 

embrittlement is related to phase separation in the ferritic phase in the 

Fe-Cr system where an iron-rich α and a chromium-rich α' are formed. 

The characteristics of this, compared to precipitation and growth, is the 

subtly modulated Cr and Fe distribution within the ferrite, increasing 

with time, compared to the distinct distribution caused by a 

precipitation and growth process. The cause for the decrease of 

mechanical properties is due to the coherency strains between α and α' 

[57]. It has also been suggested that clustering of Cu [58] and G-phase 

formation [59] are contributing factors to the ductility degradation. G-

phase is a silicide with nominal composition Ni16Si7Ti6, with some 

possible substitutions of Ni and Ti with other elements [60].  
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4 Properties of stainless steels  
Material producers prefer to deliver material with specified properties 

rather than a microstructure. This makes discussions simpler and leaves 

less room for technical opinions. It is difficult to prove the absence or 

minimum presence of a non-desired phase with a reasonable effort. 

There are consequently substantial efforts required in terms of 

microscopy and image analysis to produce statistical reliability of the 

results. NORSOK M630 [61] states that the microstructure, viewed at 

400x magnification and suitably etched, shall be free from intermetallic 

phases and precipitates. However this approach is a simplification 

since the precipitated phase morphology and properties depend on the 

thermal history. There are, for example, fundamental differences in 

properties due to sigma phase precipitated at 1000 °C and the same 

precipitated at 800 °C. This is due to e.g. different phase composition 

and depleted zones adjacent to the intermetallic phases described by the 

local equilibrium concept [62]. Efforts on quantification of nitrides in 

duplex stainless steel [63] have also shown that assessment of nitrides 

in light optical microscopy, i.e. up to 1000x magnification, is 

insufficient and that electron microscopy is necessary in order to get 

sensible results.  

 

 

 

4.1 Corrosion properties 
The main purpose of using a stainless steel is to have corrosion 

resistance in the service environment, load bearing strength being a 

second objective. Stainless steels rely on the thin oxide layer provided 

by the alloying elements, mainly Cr, Mo and N, and oxygen in the 

ambient atmosphere. The pleasant advantage is that if the surface is 

damaged, scratched, the passive layer will self repair. However, under 

certain conditions a breakdown of the passive layer may occur and this 

will give rise to corrosion. Here only uniform and localised corrosion 

are discussed but other important aspects are, for example, high 

temperature corrosion and stress corrosion cracking.  
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Uniform or general corrosion is characterised by larger areas of the 

passive layer being removed and a more or less uniform dissolution of 

the object as the consequence. Generally, uniform corrosion may occur 

in acids and hot alkaline solutions and the resistance is increased by 

increased alloying level though this is dependent on the media. Some 

alloying elements which are beneficial in one environment can be 

negative in another [64]. The results from corrosion tests are mainly 

given as tables and iso-corrosion diagrams in the specific environment 

with parameters such as temperature, concentration, and corrosion data 

usually as mm/year. A source of such information is, for example, the 

Outokumpu Corrosion Handbook [65]. Uniform corrosion is usually 

tested by weight loss in the medium and temperature of interest. A 

common practice is to place the test specimens in covered glass beakers 

with the solution in a thermostatic bath and run the test for a desired 

test time. The specimens are weighed before and after testing and a 

corrosion rate is calculated depending on the specimen surface area, as 

in Paper V. Before testing it is important to activate the specimen, i.e. 

remove the passive layer since otherwise the passive state is tested. 

This is done either by touching the specimen in the test solution with a 

zinc rod until hydrogen gas evolves or by immersing the specimen in 

boiling hydrochloric acid just before testing [66].  

 

A lot of effort has been spent on testing localised corrosion of stainless 

steels, visible as small pits or as crevice corrosion. The main cause for 

localised corrosion is the chloride ion but other species may also 

produce localised corrosion. Depending on concentration, the chloride 

ion may cause a local breakdown of the passive layer and a pit or 

crevice will be formed. In this local breakdown the bare metal will be 

the anode and the surrounding passive area the cathode. Further 

negative aspects of this corrosion are that there is a significant 

difference in anode-cathode area and a low pH is established due to 

dissolved metal ions in the pit, making the pit environment more 

aggressive during growth and repassivation more difficult. An 

important positive aspect of nitrogen alloying in stainless steels is that 

the nitrogen will form ammonium ions when the metal is exposed in 

water thereby, by increasing the pH facilitating repassivation [67].  

 

Localised corrosion is mainly measured in terms of the critical pitting 

temperature (CPT) and critical crevice temperature (CCT). The critical 

pitting temperature can be measured using the ASTM G48 method in  
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6 % FeCl3 [68] or the ASTM G150 practice in 1 M NaCl [69]. The 

former is well known but somewhat time consuming, and the latter is 

rapid but requires some special equipment. Crevice corrosion is mainly 

measured using the ASTM G48 practice and applying teflon crevice 

formers on the specimen, but it is also possible to use ASTM G150 

equipment for this issue [14]. The G48 testing is done, in brief, by 

placing the weighed specimen in a glass beaker with the 6 % FeCl3 

solution, placing the covered beaker in a thermostatic bath and running 

this usually for 24 h at a specified temperature, thereafter checking the 

specimen for pits or weight loss. If no evidence of corrosion is detected 

the test is re-run at a higher temperature with a new specimen, or with 

the specimen reground if material is scarce, until a critical pitting 

temperature is obtained at which pits are formed. Acceptance tests are 

usually done at a certain temperature with no stepwise procedure.  

 

The G150 practice requires a flush port cell and a potentiostat but has 

the advantage that testing is quite rapid. The test practice is, briefly, 

that a wet ground specimen is mounted in the flush port cell, also 

known as an Avesta cell [70,71]. The test cell contains the test solution 

and a small amount of deionised water is pumped between specimen 

and test cell, thereby eliminating crevice corrosion but not affecting the 

chloride concentration of the test solution. Surrounding the test 

chamber with two walls, with circulating fluid from a thermostatic bath 

in the outer chamber, enables the temperature of the test to be 

controlled. The specimen is cathodically polarised to +700 mV SCE 

(Saturated Calomel Electrode) and the test temperature is increased by 

1 °C/min, starting at 0 °C, until pitting has occurred. Pitting corrosion is 

manifested by an increase in current, from stable levels of a few µA in 

the passive state, rapidly within a few degrees. The CPT is according to 

the standard the temperature at which the current is above 100 µA/cm
2
 

for at least one minute. The time delay is to ensure stable pit growth 

and exclude short current peaks.  

 

An often-applied approach to rank stainless steel pitting corrosion 

resistance is the pitting resistance equivalent, PRE, discussed in Paper 

V and VI. It was initially derived by Lorentz and Médawar [13] and is 

an empirical approach to relate the pitting corrosion resistance to the 

alloy content. The term superduplex steel is, in contrast to lean duplex 

or duplex steel, directly related to the PRE which for the superduplex 

should be above 40 [39]. There are many different models of the PRE, 
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compiled and discussed in [25]. The most common definition is Cr-

content plus 3.3 times the Mo-content plus 16-30 times the N-content. 

In Paper V the formula Cr+3.3Mo+16N was used and Cr+3.3Mo+30N-

Mn in Paper VI. The difference for the factor for nitrogen is due to that 

in Paper VI 22Cr duplex steels were studied and in Paper V 316 

austenitic weld metals. The austenite has about twice the matrix 

nitrogen content and with balanced corrosion properties between ferrite 

and austenite this motivates the different factors for nitrogen. Thermo-

Calc gives the option to study the individual PRE of the ferrite and 

austenite content, being able to balance ferrite and austenite corrosion 

resistance, as shown in [72] for the superduplex SAF 2507. This is 

shown in Paper V and VI, where corrosion testing and PRE calculations 

show an elegant connection. The negative factor for Mn above is due to 

the negative effect of manganese on uniform and pitting corrosion 

resistance [21] and this is discussed further in Paper VI.  

 

 

 

4.2 Mechanical properties  
The mechanical properties of stainless steels have been less exploited 

than the corrosion properties since the main purpose has been to serve 

in aggressive environments and not for load-bearing or construction 

purposes. This is now changing and stainless steels are increasingly 

employed for construction purposes. The steels used are mostly lower 

alloyed duplex stainless steels and cold rolled austenitics. There is also 

a trend towards using ferritics in household applications where before 

austenitics were used [4] to reduce cost. The mechanical properties 

tested are mainly hardness, proof and tensile strength and impact 

toughness. Impact toughness is a critical parameter to detect any 

precipitated intermetallic phases since even very low amounts have a 

strong influence.  

 

Tensile testing [73] is a basic test method for metals research and is 

frequently used for different issues, and the output is proof and ultimate 

tensile stress, strain and area contraction. Stainless steels have a proof 

stress, for 0.2 % strain usually, while carbon steels have a distinct yield 

stress. It is interesting to note that duplex stainless steels have higher 

proof and ultimate tensile stress in the transverse direction than in the 
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longitudinal. Nordberg [74] gave the expressions below for proof and 

ultimate tensile stress of austenitic and duplex stainless steels. They 

were assessed by extensive regression of rolled material; similar 

equations were later evaluated also for extruded material [75]. All 

compositions are in weight percent,  is the ferrite content and d is the 

grain size.  

 

d

N

CuMoCrMnNRP

)02.0(357

)054.015.6(10142202.02101202.0




 

 

d
MoNRm

8
5.114)02.0(600470    

 

The first coefficient for nitrogen is due to solution hardening and the 

second due to grain boundary hardening. The parameters for the 

alloying elements are based on regression of available experimental 

data and literature references, among others [31,76]. The absence of the 

strong solid solution hardener carbon is due to the low levels used in 

most modern stainless steels. The strengthening due to delta ferrite, was 

explained by Skuin [77] and the Hall-Petch relation [78,79] with grain 

size related to nitrogen content uses a description by Nordström [80].  

 

Impact toughness testing [81], almost always done according to the 

Charpy-V practice, was originally developed to measure the transition 

temperature for ferritic steels at which they turn from ductile to brittle. 

The Izod practice [82] to measure impact toughness is rarely ever heard 

of today. The often-encountered odd figure of 27 J at a certain 

temperature, characterising a critical lower limit, is simply 20 ft-lb. The 

ductile to brittle transition temperature is also often abbreviated as 

DBTT and it should be observed that standard austenitic steels have no 

DBTT. The standard specimen size is 10x10x55 mm and a critical issue 

is the orientation of the specimen since plate material is anisotropic. 

This was extensively investigated for duplex steel by Nilsson [83] and 

experienced during the work on Paper VI. The usual direction to test 

duplex steels is the T/L – transverse/longitudinal direction - which is 

the weakest. The 55 mm direction of the specimen is placed in the 

transverse direction and notched on the transverse section so that the 
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fracture progresses in the longitudinal direction. During the work on 

Paper VI results were initially misinterpreted because some specimens 

had been notched on the surface plane, L/S instead of L/T which was 

chosen due to material width limitations, thus giving a higher toughness 

value than expected.  

 

Another issue is that material thickness does not always allow for 

10x10 mm specimens to be tested and sub-size specimens have to be 

used instead. A simple geometric conversion of the results when 

comparing results from specimens with different size is not entirely 

correct. This topic is discussed by Malmberg [84] who showed that 

upper shelf level results are higher for 10x10 mm specimens, and the 

incline in the transition area ductile/brittle is less steep for the 5x10 mm 

specimens. NORSOK standard M-601 [85] specifies reduction factors 

5/6 for 10x7.5 mm specimens and 2/3 for 10x5 mm specimens. Another 

important factor is the notching of the specimen and it is known, 

unfortunately, that impact toughness testing tends to give quite a scatter 

in results, a critical factor being the notch radius. This problem is 

avoided in fracture mechanical testing where a well defined and sharp 

crack is produced by fatigue before testing [86].  

 

Impact toughness testing can be applied to detect small amounts of 

deleterious secondary phases in stainless steels. These amounts are 

difficult to observe with other techniques than electron microscopy and 

thus require much larger resources. An often-applied practice is to heat 

treat specimens with different holding times at critical temperatures 

followed by impact toughness testing. The results are then plotted as 

impact toughness versus holding time for critical temperatures and can 

be used to assess the tendency to precipitate secondary phases for 

different alloys [87].  
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5 Welding aspects  
Stainless steels are welded with the same methods as carbon steels and 

usually offer no difficulties if good practice is followed. The main 

difference is that both base material and weld metal must remain 

stainless after welding. Consequently oxides and spatter must be 

removed and this is mainly done by pickling and grinding. The 

weldability is the possibility to join two materials and achieving 

required properties with reasonable efforts and this differs for the 

groups of stainless steels. The most important welding parameter for 

stainless steel is the heat input which must be balanced. A too large 

heat input may give a slow cooling and thus increase the risk for 

formation of intermetallic phases. A low heat input on the other hand 

can give rapid cooling with the risk of formation of nitrides or low 

austenite reformation for duplexes. The sensitivity to high heat input is 

related to alloying level and higher alloyed steels are more sensitive.  

 

When welding modern nitrogen-alloyed stainless steels, it is crucial to 

maintain the nitrogen balance; otherwise the beneficial material 

properties will be lost. Consumables for duplex stainless steels are 

usually slightly overalloyed with a few percent nickel in order to ensure 

a correct phase balance in the weld metal. Furthermore, a few percent 

of nitrogen can be added to the shielding gas in order to compensate 

losses from the weld pool [50]. An excess of nitrogen may give rise to 

porosity during solidification [49], a change in solidification mode [89] 

or nitride formation [51]. In duplex stainless steels the introduction of 

nitrogen enhances austenite reformation during cooling and the 

properties of the heat-affected zone improve radically [28]. The 

influence of nitrogen activity during solidification is illustrated in Fig. 3 

by the duplex 2205 (Fe-22Cr-5.5Ni-3.1Mo-0.17N) and the austenitic 

904L (Fe-20Cr-25Ni-4.3Mo-0.06N).  

 

The upper part of the graph is the liquid phase and the difference in 

nitrogen activity here is due to the difference in nickel and nitrogen 

content. The duplex 2205 then solidifies with ferrite as the primary 

phase and the austenitic 904L purely austenitic. The former will thus 

give a much higher nitrogen activity due to the lower solubility in the 

ferrite. Theoretically a nitrogen activity above 1 would lead to pore 

formation but 2205 is manufactured worldwide without any such 
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phenomenon being reported. The explanation suggested in Paper VI for 

this is that pore formation is a sluggish process and thus rarely takes 

place in steel production. The issue was again encountered in Paper IV 

and thoroughly discussed with the conclusion that the database is most 

likely predicting this equilibrium incorrectly. The superaustenitic 254 

SMO
®
 has a relatively low Ni content (18 %) and high nitrogen content 

(0.2 %) with the purpose that the solidification will be peritectic with 

ferrite precipitating before solidus making the alloy less sensitive to hot 

cracking [16].  
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Fig. 3. Calculation of temperature [°C] versus nitrogen activity for a 

2205 duplex and a 904L austenitic stainless steel. The reference state is 

pure nitrogen gas (N2) at 1 atm pressure. 

 

 

Another important aspect of nitrogen addition to duplex stainless steels 

is that it may lead to a change in solidification mode. The types of 

solidification modes are given in Fig. 4 in theory and in Fig. 5 as two 

microstructure images. The preferred mode is ferritic giving a 

Widmanstätten microstructure and the less preferred is mixed or 

austenitic giving a vermicular microstructure. The reason for avoiding 

the latter is that the increased amount of austenite will give a ferrite 

enriched in Cr and Mo. Since these elements are also powerful 

intermetallic formers, this ferrite will be prone to precipitate 

intermetallic phases. This can be observed experimentally and the 
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intermetallic phases are initially preferentially formed in narrow ferrite 

regions [88]. The abbreviations A, AF, FA and F are used in the WRC 

1992 diagram to denote the solidification mode, from fully austenitic to 

fully ferritic. 

 

 
Fig. 4. Proposed solidification models for austenitic and duplex weld 

metals, from fully austenitic (a) to fully ferritic (e) where austenite 

forms in solid state; Suutala et al. [89]  

 

 

In Paper V the Scheil-Gulliver module in Thermo-Calc was applied to 

solidification. Scheil and Scheil-Gulliver [90,91] describe how 

elements redistribute during solidification by assuming a local 

equilibrium. This is different compared to the Thermo-Calc 

calculations which give equilibrium conditions, and assumes that the 

diffusion in the liquid phase is infinitely fast and infinitely slow in the 

solid phase. In later versions it is also possible to consider back 

diffusion of interstitials such as carbon and nitrogen [92]. The results 

from a Scheil simulation indicate, however, a larger solidification 

interval than normally encountered and the last 10 % is predicted to 

solidify over a range of almost 100 °C.  



 22 

  
Fig. 5. Illustration of the two types of solidification modes for duplex 

steels, ferritic (l.) and mixed or austenitic (r.), Beraha II etching with 

austenite as the bright phase and ferrite etched dark (matrix phase). 

 

 

A further aspect of welding, not in the sense of joining, is strip 

cladding, as described in Paper V. Electroslag strip cladding (ESW) is 

an attractive method for rapid deposition of a higher alloyed, usually 

more expensive, protective surface layer on a less corrosion resistant 

load bearing bulk material [93]. The method developed from 

submerged arc welding (SAW) and involves feeding of a strip material 

with flux added as powder. The difference is that ESW is an arcless 

method which uses ohmic heating to melt strip, flux and parent material 

[94].  

 

The first central work on microstructures in the vital stainless Fe-Cr-Ni 

system was by Strauss and Maurer [95] in 1920, resulting in the Eduard 

Maurer diagram. A well-known way of estimating the weld metal 

microstructure in stainless steels is the Schaeffler diagram [96], later 

developed to the Schaeffler-DeLong diagram [97], then to the WRC 

1988 (Welding Research Council) diagram [98,99] and then to the now 

prevailing WRC 1992 diagram [100]. The purpose of these diagrams is 

to predict the microstructure in the weld metal by means of the 

chemical composition of the weld metal. The two parameters for this 

are denoted chromium and nickel equivalents and the input for the 

former are apart from Cr also Mo and Nb and in the latter Ni, C, N and 

Cu. The empirically determined WRC 1992 diagram, given in Fig. 6, 

and a comparison to thermodynamic calculations are discussed 

extensively in Paper III.  
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Fig. 6. The WRC 1992 diagram from Kotecki and Siewert [100].  

 

 

An important step with the WRC 1992 diagram was the decision to 

abandon ferrite content as volume percentage measured as point 

counting via metallography in favour of ferrite numbers (FN) [101]. 

The reason for abandoning ferrite content measured as volume percent 

was that metallographic techniques showed poor interlaboratory 

reproducibility, the main reason being that ferrite in weld metal may be 

very fine and inhomogenously distributed. Furthermore, metallography 

is a destructive procedure so measuring on objects in service is rarely 

possible. Instead the magnetic attractive force of the ferrite was used, 

giving much better reproducibility. The magnetic response of the ferrite 

can be measured as saturation magnetism and also as magnetic 

permeability. It should be noted that a Ferrite Number is an arbitrary 

number defined by a calibration system, not an absolute “ferrite 

percent” [102].  
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6 Computational methods  
While computational thermodynamics is the generic term for the 

computational methods of this thesis, a differentiation is made in this 

section in order to emphasise the difference between equilibrium 

thermodynamics, kinetics and coarsening.  

 

 

 

6.1 Computational thermodynamics  
The field of computational thermodynamics emerged as a response to 

the growing need to rationalise large amounts of experimental 

information to enable calculations of vital thermodynamical properties 

such as for example phase diagrams. The discipline emerged already in 

the 1960’s and has since then undergone enormous development thanks 

to improved models and rapid computer performance increases. The 

foundations of these calculations are descriptions of the Gibbs energy 

for components and phases. There are quite a few different computer 

programs available for this such as FactSage [103], MTDATA [104], 

PANDAT [105] and Thermo-Calc [106], the latter being used in this 

thesis.  

 

The Thermo-Calc software is a versatile tool for the materials scientist 

when calculating equilibria and predicting phase fractions and their 

compositions and, empirically, also properties such as corrosion 

resistance via the PRE (Pitting Resistance Equivalent). The software 

uses thermodynamic data stored in databases and each phase is 

represented by Gibbs energy expressions. The equilibrium is 

represented by the minimum Gibbs energy and this is assessed by 

calculations of the phases involved in the system. The majority of alloy 

systems described are binaries (two components), ternaries (three 

components) and in some cases also four component systems, 

quaternaries. However, with good thermodynamic models it is then 

possible to perform predictive calculations also in multicomponent 

systems. There are limits of validity for the databases since they are 

based on dedicated experiments and these limits are for example for the 

main stainless components Cr <30 %, Ni <20 %, Mo <10 % and N <5 
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% for the latest version of the Thermo-Calc steel database TCFE7. The 

commercial alloys within this thesis contain up to nine different 

alloying elements and this gives a very complex system with these nine 

variables, plus temperature and pressure, as degrees of freedom.  

 

The evaluation of experimental data and assessment of parameters has, 

in addition to being a research tool, served the commercial interest of 

the steel industry by providing tools for product development. The 

database work is done by literature surveys of available experimental 

information and deciding whether this is reliable or not, and by 

additional critical experiments to obtain necessary data. The work is 

done by assessments of binary, ternary and quaternary alloys and in 

some cases also higher order systems, with focus on systems of 

importance for alloy development. This is painstaking work with high 

requirements on skill since the descriptions must be consistent in higher 

order systems. The assessments are done by complicated multivariable 

optimisations of thermodynamic parameters in order to fit to the 

selected experimental results and the outputs are descriptions of the 

Gibbs energy of these systems, which make it possible to perform 

equilibrium calculations. This is a progressive work as illustrated, for 

example, by the core stainless Fe-Cr system. This system was assessed 

by Hertzman and Sundman [107] in 1982, reassessed by Andersson and 

Sundman [108] in 1987 and again by Xiong et al. [109] in 2011.  

 

The thermodynamic models used in the databases are contained within 

the Compound Energy Formalism [110] which is the generalized 

version of the Hillert-Staffansson sublattice model [111,112]. The 

Calphad method has been used to obtain the model parameters from 

experimental and ab initio data has been. The Calphad (CALculation of 

PHAse Diagrams) technique is an international modus operandi to 

collect and describe the thermodynamics of a system [113-115]. With 

reliable description of existing experimental data, the Calphad method 

allows for prediction of multi-component systems where no 

experimental data are available. All available experimental information 

on thermodynamics of phases in a system is collected and a 

mathematical description of the Gibbs energy is formed as a function of 

constitution, pressure and temperature. An important compilation of 

how to handle experimental data, assessment methodology, 

optimisation tools, creation of databases and some case studies are 
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given in the book Computational Thermodynamics by Lukas et al. 

[116].  

 

An important thermodynamic concept, applied in Papers I and II, is the 

driving force often denoted D. It is defined as dSdTD ip /  where 

the internal entropy production is derived with respect to the internal 

variable ξ under isothermal conditions [117]. The definition is that at 

equilibrium D=0 and for any spontaneous reaction D>0. This can be 

used to calculate the tendency for precipitation of secondary phases in 

complicated systems. An elegant application is given in [26] showing 

that while nitrogen addition to austenitic stainless steels decreased the 

tendency to sigma phase formation, for duplex stainless steel it merely 

shifted the phase balance.  

 

 

 

6.2 Diffusion kinetics 
In order to describe the growth of phases and rates of reactions it is 

necessary to be able to describe of how atoms and phase boundaries 

move in the material. The topic is immense, from Brownian motion or 

random walk by the botanist Robert Brown in 1827 to multicomponent 

phase field modelling, and here only the aspects applied in this thesis 

will be addressed.  

 

The foundation for diffusion calculations are known as Fick's first and 

second laws [118] which include a proportionality constant denoted 

diffusivity or diffusion coefficient. Fick's first law was later extended to 

multicomponent systems by Onsager [119]. A method for systematic 

handling of diffusion data in multicomponent systems was suggested 

by Ågren and co-workers [120-123] and this has led to the computer 

program Dictra (DIffusion Controlled TRAnsformations) [124] which 

was used in this thesis. 

 

Following the Calphad method, described in the previous section, data 

for diffusion are systematically assessed and described using mobilities. 

Diffusion data is obtained by experimental work on, for example, 

diffusion couples and the Bolzmann-Matano method for assessing the 

diffusion coefficient versus concentration of the diffusing specie 
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[125,126]. It is important in this context to understand that calculations 

using Dictra utilises both equilibrium thermodynamics and kinetics. 

While the calculations using Thermo-Calc are set-up by using Gibbs 

phase rule, the calculations in Dictra are done using a cell with regions 

of phases. For the user it is thus necessary to reduce a complex problem 

down to a model cell adequately describing the issue to compute.  

 

An illustrative application is shown in Fig. 7, the classic uphill 

diffusion experiments by Darken from 1949 [127]. In a series of heat 

treatments he showed how carbon diffusion in a diffusion couple is 

strongly depending on the difference in carbon activity rather than the 

concentration. This was achieved by using laboratory heats with 

distinct differences in silicon and manganese contents.  

 

 

 
 

Fig. 7. Uphill diffusion according to Darken [127] calculated using 

Dictra with cell set-up (l.) and results as carbon content [wt-%] versus 

distance [mm] (r.) [128].  

 

 

 

6.3 Microstructure coarsening  
Coarsening is a consequence of reduction in surface energy and it was 

Ostwald [129] who first described how larger particles are energetically 

more favourable than small and thus will grow on the expense of the 

smaller ones. The driving force is related to the higher pressure inside 

the smaller particle due to the surface tension. This was treated 

mathematically by Lifshitz and Slyozov [130] and Wagner [131], 

combined to the LSW theory of Ostwald ripening [132]. Grain growth 

in metals and particle coarsening are important aspects in materials 

science and the theories have been discussed extensively in the 
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literature. A finer microstructure will give a higher strength as shown in 

the mechanical properties section of this thesis. Another area of 

application is in high temperature materials, where mechanical 

properties require retention of the microstructure and thus retardation of 

the Ostwald ripening.  

 

Within Paper VII the coarsening of duplex stainless steels was 

evaluated. Two steels were heat treated isothermally for times up to  

700 h at 1100 °C. The temperature dependence was evaluated by heat 

treating one steel during 24 h between 1000 to 1250 °C. The coarsening 

was assessed metallographically as austenite spacing and using 

regression analysis, parameters for a description of coarsening 

according to LSW theory were evaluated. These results were compared 

to calculations using the LSW theory with literature values for the 

parameters as also with the growth module in Dictra [133], Fig. 8. The 

application of this growth model to a duplex stainless steel context was 

not considered recommendable with a 50/50 ferrite/austenite balance 

compared to growth of a small particle in a large matrix phase. 

However, the results proved, compared to the experimental results, to 

be very accurate and the precision was much better than using the LSW 

theory only.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Schematic of the Dictra 

coarsening model,  

Lindwall [134]. 
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7 Results  
 

 

 

7.1 Database precision 
The precision of thermodynamic databases for predictions of 

intermetallic phases in the region 700-1000 °C was investigated in 

Paper I for duplex stainless steels. The calculations were compared 

with long-term heat treated specimens, with fractions and compositions 

assessed with electron microscopy. An example is given in Fig. 9 and 

Fig. 10 for sigma phase in the superduplex 2507 compared to the 

databases TCFE5 and TCFE6.  
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Fig. 9. Sigma phase composition [wt-%] vs. temperature [°C] for 2507. 

Solid lines TCFE5 and broken TCFE6 database. 

 

 

One of the major conclusions was that the amount of sigma phase is 

underestimated about 15 % in TCFE5. This deviation was reduced in 

the TCFE6 database but then chi phase was not predicted stable but was 

observed in the microstructure. While the present work with 
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commercial alloys is not readily usable for database development it 

serves as benchmark for the work in lower order systems.  
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Fig. 10. Sigma phase amount [%] vs. temperature [°C] for 2507. Solid 

lines TCFE5 and broken TCFE6 database. 

 

 

The precision of the mobility database is a new issue in the context of 

stainless steels and while the calculations in this work were done with 

MOB1, the present state-of-art is MOB2. During the finishing of this 

thesis MOB2 was available and Fig. 11 shows austenite reformation, as 

calculated in Paper IV with the databases TCFE6 and MOB1, re-

calculated for 2205 and 50 K/s with TCFE5-7 and MOB1-2 to visualise 

the differences. The results indicate no differences in the present set-up 

between TCFE5-7 and only a slight difference between MOB1 and 

MOB2. This might not be the case in another context i.e. alloy, as 

illustrated in previous example with sigma and chi phase and TCFE5 

and TCFE6. It is important to emphasise that the purpose here was only 

to illustrate that there are differences and no comparison with 

experimental work was done.  
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Fig. 11. Austenite fraction [%] vs. temperature [°C] for 2205 at 50 K/s 

with Dictra and the TCFE5-7 and MOB1-2 databases.  

 

 

 

7.2 Equilibrium thermodynamics 
Different aspects of thermodynamic calculations were applied in all the 

papers and here the results for the evaluation of the WRC 1992 diagram 

are shown in Fig. 12. While the original WRC 1992 diagram in Fig. 6 

indicated the Creq as Cr+Ni+0.7Nb and the Nieq as Ni+35C+20N 

+0.25C (composition in wt-%), the thermodynamic evaluation differed 

from this suggesting Cr+Ni+0.7Nb and Ni+20C+20N+Cu. The 

coefficients for Nb, C and Cu differ, while the coefficients for Mo and 

N showed quite similar values for approaches, WRC 1992 and the 

thermodynamic calculation. The similarities support the validity of the 

thermodynamic approach and it is suggested that additional 

experimental work on laboratory heats with critical compositions could 

give support for any changes.  
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Fig. 12. Alternative WRC 1992 diagram as suggested by Thermo-Calc 

for ferrite numbers [FN] using the Fe-Cr-Ni system at 1200 °C. Broken 

lines are from original WRC 1992 diagram.  

 

 

A further source of discrepancy is the difference between zero ferrite in 

the WRC 1992 and zero ferrite in the thermodynamic evaluation. It was 

however concluded that this is a kinetic issue due to the slower 

diffusion in an austenite-dominated microstructure.  

 

 

 

7.3 Kinetics 
The experience obtained during the course of the present work in using 

Dictra, now makes it possible to present an alternative way of 

visualising the difference in sigma phase precipitation than that used in 

Paper II. In that paper two 25Cr superduplex weld metals were 

compared, they were alloyed with Mo and Mo plus W, denoted Mo and 

MoW, and with two different nitrogen contents 0.2 and 0.3 %, 

respectively.  

 

In the paper the driving force for precipitation of sigma and chi phase at 

900 °C was assessed and now the growth rate of sigma phase in the 
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ferrite phase at this temperature will be evaluated using Dictra with 

some simplifications. The Mo-0.3N was simplified to 25Cr-9.6Ni-4Mo-

0.3N and MoW-0.3N simplified to 25Cr-9.4Ni-3Mo-2W-0.3N. This 

involves assuming Cu similar to Ni in this context since in Paper II the 

Mo-0.3N had 9.5Ni and 0.1Cu while MoW-0.3N had 9Ni and 0.4Cu. 

Using Thermo-Calc the composition of ferrite phase at 1100 °C from 

the above compositions was assessed. Isothermal Dictra simulations 

were run with 10 µm cell size and databases TCFE5 and MOB1. The 

results for growth at 900 °C are shown in Fig. 13 and compilations of 

isothermal runs to evaluate time to 100 nm (1 % of 10 µm) sigma phase 

are shown in Fig. 14. Both figures show a more rapid growth of sigma 

phase in MoW-0.3N than in Mo-0.3N, which also was the conclusion in 

Paper II.  
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Fig. 13. Growth of sigma phase [nm] versus time [s] in ferrite phase for 

Mo-0.3N and MoW-0.3N.  

 

 

The observant reader will recognise the similarity between the 

schematic overview in Fig. 2 and the results compiled to Fig. 14. The 

diagram in Fig. 14 is what could be described as a part of a TTP (Time 

Temperature Precipitation) diagram. However, the nucleation is 

neglected in this and only diffusion and growth is considered so TTG as 

in Growth is maybe a more appropriate description. However, the 

results in both Fig. 13 and Fig. 14 support the conclusions in Paper II 
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that tungsten substitution will give a more rapid growth of intermetallic 

(sigma) phase than Mo addition. It also offers confirmation to Fig. 2 by 

tungsten substitution pushing the "nose" to shorter times and a higher 

temperature.  
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Fig. 14. Temperature [°C] versus time [s] to 100 nm sigma phase in 

ferrite phase for Mo-0.3N and MoW-0.3N.  
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Fig. 15. Temperature [°C] versus time [s] to 100 nm, i.e. 1 %, sigma 

phase in ferrite phase for Mo-0.3N for cooling rates 1 to 20 K/s.  
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Using the simplified Mo-0.3N as previously, it is also with Dictra 

possible to create what is known as a CCT (Continuous Cooling 

Transformation) diagram. Using the same set-up as previously 

employed, a CCG (G as for Growth) diagram as in Fig. 15 can be 

calculated using different cooling rates.  

 

The interesting thing with such simulations is that, among other things, 

also the distribution of alloying elements during the sequence can be 

evaluated. From the results in Fig. 14, the distribution of chromium, 

nickel, molybdenum and nitrogen at 800 °C after 100 s for Mo-0.3N is 

given in Fig. 16 as an example.  
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Fig. 16. Distribution of Cr (top l.), Ni (top r.), Mo (bottom l.) and N 

(bottom r.) after 100 s at 800 °C in alloy Mo-0.3N, [wt-%] versus cell 

position [µm].  

 

 

It is, for example, possible to study the evaluation of the PRE in the 

critical part of the ferrite adjacent to the growing sigma phase, depleted 

of chromium and molybdenum, versus temperature or at different 

cooling rats.  
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7.4 Microstructure coarsening 
The coarsening of the matrix phases ferrite and austenite in duplex 

stainless steels, 1000-1250 °C and 1-700 h, was investigated 

experimentally and theoretically. The observed coarsening could be 

described using Ostwald ripening theory and calculated using the LSW 

(Lifshitz, Slyozov, Wagner) theory and the Dictra software for 

diffusion and growth in multicomponent systems. A summary of the 

experimental coarsening results for 2205 at 1100 °C versus time are 

given together with the theoretical approaches in Fig. 17.  
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Fig. 17. Austenite spacing [m] versus time at 1100 °C [s] for 2205, 

points are average experimental results given with standard error and 

lines Ostwald ripening and LSW theory and Dictra calculations  

 

 

7.5 Material property aspects  
The aspects of material properties discussed in this thesis are primarily 

corrosion and the notorious pitting resistance equivalent PRE=Cr 

+3.3Mo+16N. The frequent use is thanks to that this is a property with 

a distinct connection to alloy content, although not always used in a 

sensible way as shown with PRE in the different phases. The 



 

 37 

expressions by Nordberg [74] for proof and ultimate tensile stress, 

given previously, can, for example, be used in a similar way by 

modelling phase fractions and grain size versus the nitrogen content.  

 

In Paper VI mechanical properties are discussed with a focus on the 

impact toughness of duplex stainless steels versus the nickel content. 

Laboratory heats derived from the well-known 2205 were 

manufactured, with decreased nickel content matched with increased 

manganese and nitrogen contents. The alloys ranged from A2205 with 

5.5Ni-1.5Mn-0.17N, via A2203 and A2202, to A2200 with 0Ni-10Mn-

0.4N, the "A" as indicator for lab heats. The impact toughness testing 

showed that the toughness decreased with decreasing Ni content and 

the nickel-free alloy had an unacceptably low toughness. This led to a 

thorough survey of the effect of nickel on toughness in duplex stainless 

steels and five alternative explanations were suggested, with more 

details and references in the paper:  

I. Austenite distribution: Ductile austenite retards cracks which have 

propagated through the ferrite. The low-Ni alloys had lower austenite 

content so that this effect would be reduced.  

II. Precipitation: The interstitial elements nitrogen and carbon must be 

kept at a low level or stabilised with titanium or niobium in order to 

obtain good impact toughness for ferritic stainless steels. The calculated 

phase compositions for the lab heats showed that the nitrogen content 

of the ferrite phase increases as the alloy nickel content decreased and 

the nitrogen content increased. The drop in impact toughness may thus 

be due to submicron nitride precipitation.  

III. Slip systems: It is generally accepted that the addition of nickel to 

ferritic stainless steels increases the impact toughness of the ferrite per 

se. This has been attributed to there being more slip systems available 

so a greater amount of plastic relaxation can be produced by operation 

of these slip systems.  

IV. Interatomic bonding: A more fundamental approach was suggested 

from literature in terms of the effect of interstitials and substitutional 

atoms on the crystal structure and electron state density. A 

consequence, applicable to impact toughness, was that the alloys will 

be ductile if the metallic component of interatomic bonding prevails 

and brittle if the bonding is of more covalent nature.  

V. Cleavage fracture mode: In duplex stainless steels the fracture 

process is more complex than in most other steels due to the fact the 

austenite normally fractures in a ductile manner whereas ferrite can 
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either suffer ductile failure or brittle cleavage. The classical theory of 

brittle cleavage fracture of Cottrell was used for rough semi-

quantitative analysis of how the occurrence of cleavage can be 

explained Fig. 18. According to this theory initial plastic yielding is a 

prerequisite for cleavage to occur. Using this line of reasoning , the 

variations in impact toughness observed for the Mn duplex stainless 

steels and the standard duplex steel 2205 can be largely accounted for 

by the microstructure, primarily ferrite grain size and volume fractions 

of the two phases, and the yield stress and its grain size dependence. 

The substitution of Mn for Ni causes an inevitable increase of the yield 

stress. The Mn contents produce a significant solution strengthening 

whereas Ni produces none and the higher N contents raise the yield 

stress further. Hence, this together with the coarser ferrite seems to 

explain most of the observed reductions in impact toughness.  
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Fig. 18. Application of Cottrell theory to laboratory duplex steels with 

stress versus (grain size)
1/2

 graph for notched specimens. 

 

 

In Paper V a comparison was made between a Scheil-Gulliver 

simulation using computational thermodynamics for solidification of a 

316 austenitic stainless weld and immersion testing. The immersion 

testing (FeCl3+AlCl3+glycerol+ethanol) gave clusters of small pits in 

the centres of austenite dendrites as seen in Fig. 19. This distribution 

shows that the compositional gradients within the austenite are 

sufficiently large to affect corrosion resistance. The pit location agrees 
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with PRE-calculations from the Scheil-Gulliver calculations in Fig. 20, 

which indicate the first formed austenite to be the least corrosion 

resistant component.  

 

 
Fig. 19. SEM-BS images of pits in a 316 austenitic stainless strip weld 

metal after immersion testing, showing clusters of pits in the austenite 

dendrite centres and no pitting adjacent to the ferrite phase.  
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Fig. 20. Scheil-Gulliver PRE estimation for the 316 strip weld metal in 

Fig. 19 displaying the austenite (lower PRE) as the less pitting 

corrosion resistant phase.  
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8 Concluding remarks  
This thesis can be read as a guideline on how to apply computational on 

stainless steel issues. The main topics covered are database precision, 

equilibrium thermodynamics, kinetics, metallography, microstructure 

coarsening and property aspects such as corrosion and mechanical 

strength. Appended to this thesis are seven supporting publications and 

the motivation for the choice of these publications was that they 

provide illustrative examples of the above concepts. A crucial aspect is 

that calculations were supported by experimental data, when available, 

or with literature results so that the validity of the computational results 

could be verified.  

 

Database precision:  

This thesis demonstrates that the output from the evaluated 

thermodynamic databases is very reliable for the stainless matrix 

phases ferrite and austenite. However, this work has also shown that 

although the sigma phase is relatively adequately predicted in lower 

alloyed stainless steels, the error in more complicated systems is quite 

severe, both concerning fraction and composition. An improved 

description of sigma phase is being prepared as a consequence.  

A brief survey was done on mobility databases, which are used in 

combination with a thermodynamic database for kinetic calculations. 

There are differences between the databases but no experimental results 

are, at present, available to allow critical comparison.  

 

Thermodynamic aspects:  

In this work, a multitude of equilibrium thermodynamics applications 

on stainless steel issues are shown. The alloying concepts Mo or 

Mo+W in duplex steels and the influence of this on the formation of 

intermetallic phases have been discussed thoroughly. A comparison 

with the empirical WRC 1992 diagram for determining weld metal 

ferrite content was done using computational thermodynamics and 

factors for chromium and nickel equivalents could be derived. Different 

aspects of nitrogen as an alloying element in stainless steels have also 

been explored. An important conclusion in this thesis is that there is 

discrepancy in the predicted solubility for nitrogen at elevated 

temperatures which leads to compound errors in kinetics simulations, 

but not in equilibrium thermodynamic simulations. The laboratory 
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heats evaluated in this work, where lowered nickel contents were 

compensated by increased manganese and nitrogen additions, were also 

designed using computational thermodynamics.  

 

Kinetic aspects:  

The ability to apply kinetic calculations to stainless steels was 

developed during the course of work on the publications in this thesis, 

from assessment of tracer diffusion coefficients for use in random walk 

calculations in an early paper to a study of the kinetics for austenite 

reformation in duplex stainless steel welds in a later paper. It was also 

shown how kinetics could be used for two different superduplex weld 

metals to visualise the difference in sigma phase precipitation due to 

either Mo or Mo+W alloying. 

 

Mechanical properties:  

The influence of nickel on impact toughness of duplex stainless steels 

was thoroughly discussed in this work. This was done by designing 

laboratory heats with different levels of Ni and Mn+N, based on the 

well-known 2205. Five, possibly interacting, explanations were 

discussed and the classical theory of brittle cleavage fracture of Cottrell 

was used for a semi-quantitative analysis. This suggested that the 

variations in impact toughness observed can be explained by the 

microstructure, primarily ferrite grain size and ferrite fraction, the yield 

stress and its dependence on grain size and alloy content  

 

Corrosion properties:  

The corrosion properties were modelled using the pitting resistance 

equivalent PRE. It was shown that a Scheil-Gulliver simulation 

correctly predicted the microstructural sites most susceptible to pitting. 

It could also be shown by calculations and corrosion testing, that the 

combination manganese and nitrogen as substitution for nickel may 

result in an unbalanced pitting corrosion resistance in duplex steels. 

The positive effect of nitrogen is located primarily to the austenite 

while the negative effect of manganese is more pronounced in the 

ferrite.  
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9 Future work  
This work shows that evaluation of thermodynamic databases by 

application to commercial alloys is an indispensible tool for knowledge 

of reliability and also to find where improvements are necessary. A 

natural continuation is thus to re-evaluate the new and improved 

databases so that they are consistent in higher order systems. Errors 

such as the lost chi phase in a newer version are also vital to avoid. 

With a reliable sigma phase description with good precision the 

subsequent step is to continue this work on the less common phases 

such as chi phase, Laves phase, R-phase et cetera. This work is 

preferably done by database developers but require feedback from users 

pointing out needs for improvement.  

 

Kinetic databases such as MOB1 were applied in the present work and 

newer versions are already available. The precision of these towards 

stainless steels, such as austenite reformation in Paper IV or sigma 

phase precipitation shown in Fig. 14, requires a critical comparison 

with experimental results and should also be combined with nucleation 

studies and theory which is not done in the present work. The software 

for nucleation is now available in the form of TC-Prisma which 

combines thermodynamic and kinetic descriptions with a model for 

precipitation.  

 

The importance of accurate and advanced simulations is described in 

the Materials Genome Initiative for Global Competitiveness which was 

initiated 2011 in the USA [135]. There is a need for an accelerated 

development of new materials and an important role is played by 

modelling and simulations by computational methods. This require 

experimental results to support the computational work, experience to 

validate both the predictions and the experimental results.  

 

 



 

 43 

10 Acknowledgement  
Habe nun, ach! Philosophie, Juristerei und Medizin, Und leider auch 

Theologie Durchaus studiert, mit heißem Bemühn. Da steh ich nun, ich 

armer Tor! Und bin so klug als wie zuvor.  

- Werkstoffwissenschaft!  

Das also war des Pudels Kern! Ein fahrender Skolast? Der Kasus 

macht mich lachen. 

 

 

Financial support for finalising this thesis was kindly supplied by 

Stiftelsen Axel Hultgrens fond.  

 

The support and encouragement from my supervisors Professor Malin 

Selleby and Professor Bosse Sundman, despite the dilatory progress of 

my academic work, is gratefully acknowledged. Moral and practical 

support from my former department managers Professor Staffan 

Hertzman and Docent Rachel Pettersson cannot be overexaggerated.  

 

The work presented in this thesis was done at Swerea KIMAB in close 

and jovial collaboration with Mats Liljas, Jan Y. Jonsson and Rachel 

Pettersson at Outokumpu Stainless AB, the latter now at Jernkontoret; 

Anders Wilson, Zhiliang Zhou, Peter Stenvall and Mats Lundström at 

AB Sandvik Materials Technology and Solveig Rigdal and Leif 

Karlsson at ESAB AB, the latter now at University West in Trollhättan.  

 

 

That's all folks! 

 



 44 

11 Summary of appended papers  
Short summaries of the appended papers are given below with 

contributions of the author described.  

 

 

Paper I: On Phase Equilibria in Duplex Stainless Steels  

Authors: Sten Wessman, Rachel Pettersson and Staffan Hertzman 

Steel Research International 81 (2010) 5 337-346  

 

In this paper the microstructure of four duplex stainless steels was 

investigated using LOM, SEM and TEM after being heat treated six 

months at 700, 800 and 900 °C and 1000 h at 1000 °C. Nominal 

composition of the steels is 23Cr-4.5Ni-0.1N, 22Cr-5.5Ni-3Mo-0.17N, 

25Cr-7Ni-4Mo-0.27N and 25Cr-7Ni-4Mo-1W-1.5Cu-0.27N. Phase 

identification and analysis was performed using a SEM in 

backscattered mode and electron dispersive spectroscopy (EDS) to 

establish the composition of each phase. The amount of each phase was 

determined by image analysis of backscattered SEM images. The 

results were compared to theoretical predictions using the steel 

database supplied by Thermo-Calc Software.  

 

The author did the experimental work, made the thermodynamic 

calculations and wrote the original report in collaboration with the 

research group of the original project. The author wrote the paper with 

new SEM work carried out by Rachel Pettersson.  

 

 

 

Paper II: Computational Thermodynamics Study of the Influence 

of Tungsten in Superduplex Stainless Weld Metal 

Authors: Sten Wessman, Leif Karlsson, Rachel Pettersson and Agneta 

Östberg 

Welding in the World 56 (2012) 11-12 79-87 

 

This paper, only slightly different, was presented at the Duplex 

Stainless Steel conference in Beaune 2010, titled Study of the influence 

of tungsten in superduplex stainless steel welds. The paper comprises a 

series of evaluations using different approaches of computational 
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thermodynamics to study how Mo and Mo+W influence the 

precipitation of intermetallics in superduplex weld metal. The different 

approaches were applied on model superduplex weld metals with 

nominal compositions matching commercial superduplex fillers 

available today. The study included equilibrium calculations, Scheil-

Gulliver solidification simulations, and calculations of the driving force 

for intermetallic phase precipitation and further a study of diffusion of 

Mo and W in these alloy systems.  
 
The publication is an excerpt from a larger research project and it 

contains no experimental work but thermodynamic calculations. The 

author did the calculations and wrote the original report and the two 

generations of publications in collaboration with the research group of 

the original project.  

 

 

 
Paper III: Evaluation of the WRC 1992 Diagram using 

Computational Thermodynamics  
Author: Sten Wessman  
Published online (2013) in Welding in the World, IX-H-755-12 

 

This paper is an evaluation of the often used WRC 1992 (Welding 

Research Council) diagram for estimating ferrite content in stainless 

steel welds using computational thermodynamics. The coefficients for 

the chromium and nickel equivalents were evaluated, that is Mo, Nb, C, 

N and Cu. Similarities of and differences between the empirical WRC 

1992 number and the results from calculations using different 

approaches are discussed. The paper also contains a translation between 

ferrite numbers (FN) and ferrite content measured as volume percent, 

necessary since the former is used by welders and the latter is required 

as input for the calculations.  

 

The publication is an excerpt from a larger research project and it 

contains no experimental work but thermodynamic calculations. The 

author did the calculations and wrote the original report and this 

publication in collaboration with the research group of the original 

project.  
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Paper IV: Evaluation of Austenite Reformation in Duplex Stainless 

Steel Weld Metal using Computational Thermodynamics 

Authors: Sten Wessman and Malin Selleby 

Submitted (2013) to Welding in the World, IX-H-779-13 

 

This paper is an evaluation of using Dictra to calculate austenite 

reformation in duplex stainless steel base material and weld metal. The 

results are compared with available experimental results and results 

from other methods of simulation. The results are austenite fraction 

versus temperature as also versus cooling rate, and the distribution of 

alloying elements in the ferrite and the austenite is shown. The ferritic 

solidification mode of duplex stainless steels is explored and the 

precision of how this is described in the computational thermodynamics 

is discussed.  

 

The publication is an excerpt from a larger research project and it 

contains no experimental work but thermodynamic calculations. The 

author did the calculations and wrote the paper in collaboration with the 

co-author.  

 

 

 

Paper V: Microstructure and Corrosion Properties of Stainless 

Steel Strip Welds 

Authors: Sten Wessman and Rachel Pettersson 

Proc. Stainless Steel – Science and Market, Helsinki, Finland,  

June 10-13, (2008) 

 

Electroslag strip cladding (ESW) is an attractive method for rapid 

deposition of a higher alloyed, usually more expensive, protective 

surface layer on a less corrosion resistant load bearing bulk material. 

The method developed from submerged arc welding (SAW) and 

involves feeding of a strip material with flux added as powder. The 

difference is that ESW is an arcless method which uses ohmic heating 

to melt strip, flux and parent material. Three strip welds, IM1-3 were 

made on a C-Mn steel with a maximum C-content of 0.20 %. IM1 and 

IM3 were single layer welds and IM2 was a two layer weld made using 

a lower alloyed strip (309LMo) for the 1
st
 pass and a higher alloyed 

(317L) for the 2
nd

 pass. A standard fluoride basic flux for electro slag 

strip cladding with austenitic strips was used for IM1 and IM2. For IM3 
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a modified flux with additions of Ni, FeCr and FeMo was used. The 

microstructures were assessed using LOM and SEM and compositions 

using OES and LECO techniques. Corrosion properties were 

investigated using uniform corrosion testing, critical pitting (CPT) and 

immersion testing (BCMT).  

 

The author did the experimental work, made the thermodynamic 

calculations and wrote the original report in collaboration with the 

research group of the original project. The author wrote the paper with 

SEM work carried out by Rachel Pettersson. 

 

 

 

Paper VI: On the Effect of Nickel Substitution in Duplex Stainless 

Steel  

Authors: Sten Wessman, Staffan Hertzman, Rachel Pettersson, Rune 

Lagneborg and Mats Liljas 

Materials Science and Technology, 24 (2008) 3 248-355  

 

The paper explored the consequences of replacement of nickel by 

nitrogen and manganese in 22Cr duplex stainless steel using the well-

known 2205 (EN 1.4462) as a reference. Laboratory heats with nominal 

composition 22 % Cr, 0-5 % Ni, 3 % Mo, 1.5-10 % Mn and  

0.15-0.40 % N were manufactured. The alloys were aimed at equal 

phase balance of austenite and ferrite at 1050 °C, using Thermo-Calc 

calculations as support. However the austenite fraction decreased 

somewhat when the Mn and N contents were increased and the Ni 

content was reduced.  

 

The author did the experimental work, made the thermodynamic 

calculations and wrote the original report in collaboration with the 

research group of the original project. The paper is written by the 

author with the application of Cottrell theory done by Rune Lagneborg.  
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Paper VII: An Experimental and Theoretical Evaluation of 

Coarsening of Ferrite and Austenite in Duplex Stainless Steel 

Microstructure 

Authors: Sten Wessman, Anders Wilson, Staffan Hertzman and Rachel 

Pettersson 

Accepted (2013) in Steel research International  

 

This paper investigates the coarsening of duplex stainless steel 

microstructure above 1000 °C at times up to 700 hours. The 50/50 

system of ferrite and austenite is of interest since clearly is out of 

bounds of the assumption of a small growing particle in a large matrix 

phase. The microstructure was evaluated as austenite spacing, the 

theory for Ostwald ripening was applied and the results compared with 

literature theories and results. The results were also calculated 

according to the original LSW (Lifshitz, Slyozov, Wagner) theory with 

literature data for parameters and also with Dictra for diffusion and 

growth in multicomponent systems.  

 

The author did the experimental work, made the thermodynamic 

calculations and wrote the original report and this publication in 

collaboration with the research group of the original project.  
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