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Abstract 

η (eta) nitride, Cr3Ni2SiN, is a precipitate found in high temperature austenitic stainless steel 

and is not yet included in Thermo-Calc steel database TCFE7. The aim of this thesis is to 

collect thermodynamic data to enable the addition of η nitride in the databases. Three 

laboratory melts with varying levels of silicon, chromium and nickel have been aged at 700-

1000 °C for 75 h, 300 h and 1200 h and examined by Light Optical Microscopy, Scanning 

Electron Microscopy, Energy Dispersive Spectroscopy, Wavelength Dispersive Spectroscopy, 

Electron Backscattered Diffraction and X-ray Powder Diffraction. 

η nitride is in the studied alloys an equilibrium phase stabilized with nitrogen. Presence of        

η nitride was confirmed by Energy Dispersive Spectroscopy and X-ray Powder Diffraction. It 

was found to precipitate in four different ways, at primary grain boundaries, intragranularly, as 

a “skeleton-like” precipitate and as a border around the occurring Cr2N precipitates. The area 

fraction of η nitrides increases with longer aging times and is favored by silicon and nickel. The 

composition of η nitride is not changing regardless of material composition, aging temperature 

and aging time. The composition of η nitride in all three materials are 8.7-9.7 wt.% silicon,   

47-54 wt.% chromium, 1.4-4.1 wt.% iron and 33-36 wt.% nickel. The nitrogen content 
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determined by Wavelength Dispersive Spectroscopy is 2.8-3.2 wt.%. No complete equilibrium 

was achieved and together with incomplete mixing of the alloying elements during melting, the 

microstructure is difficult to evaluate. Other precipitates found are Cr2N, π nitride, σ phase and 

two unidentified phases, M and N. Of these phases at least Cr2N is not an equilibrium phase as 

it dissolves during aging. Further aging to achieve complete equilibrium is necessary.  
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Sammanfattning (Swedish) 

η (eta) nitrid, Cr3Ni2SiN, är en utskiljning som finns i austenitiska rostfria högtemperaturstål 

och är ännu inte inlagd i Thermo-Calcs ståldatabas TCFE7. Syftet med det här arbetet är att 

samla in termodynamisk data för att möjliggöra inkluderandet av η nitrid i databasen. Tre 

laboratoriesmältor med varierad mängd kisel, krom och nickel har blivit åldrade vid             

700-1000 °C under 75 h, 300h och 1200 h och utvärderade med ljusoptiskt mikroskop, 

svepelektronmikroskop (SEM), energidispersiv spektroskopi (EDS), våglängdsdispersiv 

spektroskopi (WDS), Kikuchidiffraktion med bakåtspridda elektroner (EBSD) och 

röntgendiffraktion.  

η nitrid är enligt tidigare studier en jämviktsfas som stabiliseras av kväve. Det upptäcktes att 

det utskiljs på fyra olika vis, i primärkorngränserna, interkristallint, genom en skelettlik 

utskiljning och som en bård runt de förekommande Cr2N utskiljningarna. Areafraktionen          

η nitrid ökar med ökande åldringstid och gynnas av kisel och nickel. Det visade sig att 

sammansättningen av η nitriden var konstant oberoende av materialsammansättning, 

åldringstemperatur och åldringstid. Den genomsnittliga sammansättningen av η nitrid för alla 

tre material bestämdes till 8,7-9,7 viktsprocent kisel, 47-54 viktsprocent krom,                       

1,4-4,1 viktsprocent järn och 33-36 viktsprocent nickel. Kvävehalten bestämdes med 
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våglängdsdispersiv spektroskopi till 2,8-3,2 viktsprocent. Förekomsten av η nitrid bekräftades 

med energidispersiv spektroskopi och pulverdiffraktion. Ingen fullständigt jämviktstillstånd 

uppnåddes vilket tillsammans med ofullständig blandning av legeringsämnena under 

smältningen gjorde det svårt att utvärdera mikrostrukturen. Andra utskiljningar som hittades är 

Cr2N, π nitrid, σ fas och två oidentifierade faser, M och N. Av dessa faser är i alla fall Cr2N inte 

en jämviktsfas då den löses upp under åldring. Vidare värmebehandling för att uppnå 

fullständig jämvikt behövs. 
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1. Introduction 

A challenge during high temperature application of austenitic stainless steels is material 

degradation due to precipitation of carbides, nitrides and intermetallic phases [1]. These 

precipitates are normally harmful because important alloying elements (usually chromium) are 

depleted in the matrix which decreases the corrosion resistance and impairs the mechanical 

properties [2]. Thus it is important to be able to predict at what temperatures the precipitates are 

stable [2].   

High temperature austenitic stainless steels are alloys specifically designed for temperatures 

exceeding 550 °C and have properties which are significantly superior to standard grades such 

as Core 304L (EN 1.4307) or Therma 304H (EN 1.4948) [1]. The material properties at high 

temperature can be improved by addition of chromium as in the case of Therma 309S           

(EN 1.4833) and chromium and nickel in Therma 310S (EN 1.4845) [1]. An alternative 

approach is to add cerium combined with silicon which is utilized in the grades               

Therma 153 MA, Therma 253 MA and Therma 353 MA, to which nitrogen and carbon are also 

added to further improve material properties [1]. The nitrogen and carbon interacts with the 

other alloying elements in the steel and forms precipitates as nitrides and carbides which 

improves the creep strength but also depletes the matrix of alloying elements [1]. One such 

precipitate is η (eta) nitride which appears in austenitic stainless steels alloyed with silicon and 

nitrogen [3].  

η nitride has a diamond cubic structure and the composition Cr3Ni2SiN [3,4]. According to 

research made by Jargelius-Pettersson [5] confirmed by, among others, Outokumpu [3,6],        

η nitride is the equilibrium nitrogen bearing phase in austenitic stainless steels alloyed with 

silicon and nitrogen. There is still a lot of confusion regarding η nitride since research in the 

past has indicated that it is a carbide with the composition M6C, though in some of the cases it 

is doubtful if the presence of carbon was investigated or assumed [2,7]. Since η nitride is a 

silicon rich phase it has in earlier studies been interpreted as intermetallic G phase since both 

phases are silicon-rich and, to complicate it further, many earlier works refers to Laves phase as 

η phase [3,8]. As a result η nitride has not been thoroughly investigated and there is a lack of 

knowledge available regarding phase precipitation and particularly with respect to 

thermodynamic data [2,9].  

Thermo-Calc is a computer software program normally used to calculate thermodynamic 

equilibriums in materials [10]. The software is able to handle multicomponent systems with up 

to twenty elements, which makes it a powerful and useful tool to predict undesirable phases and 

in turn avoid them [10-11]. However it is evident that not all phases are properly described, or 

even exists, in Thermo-Calcs databases, which makes the predictions occasionally unreliable 

[10].  

This thesis is part of a larger project in developing thermodynamic databases for stainless 

steels. One precipitate missing in the Thermo-Calc steel database TCEF7 is η nitride and the 

aim of this thesis is to further investigate the thermodynamic equilibrium of η nitride.  
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Three small ingots with a composition ranging between 36.4-49,3 wt.% chromium,             

24.3-37.9 wt.% nickel, 4,7-9.4 wt.% silicon and ~4.5 wt.% nitrogen have been melted and heat 

treated at 700 °C, 800 °C, 900 °C and 1000 °C for 75 h, 300 h and 1200 h. The samples have 

been examined by Light Optical Microscope (LOM), Scanning Electron Microscope (SEM), 

Electron Dispersive Spectroscope (EDS), Electron Backscatter Diffraction (EBSD) and X-ray 

Powder Diffraction.  
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2. Theoretical background 

In this chapter some of the theoretical background will be presented and explained. 

2.1. Stainless steel 

In steels with chromium content above 12 % a passive layer of chromium oxide is formed on 

the steel surface, thus protecting the steel from further oxidation. Steels with chromium content 

above 12 % are therefore called stainless steels. Through various alloying additions stainless 

steels with different properties suitable for a wide range of applications can be manufactured. 

[12] 

2.1.1. Alloying elements in stainless steels 

The two main alloying elements in stainless steels are chromium and nickel [9]. Other alloying 

elements are added to the steel for one or more reasons but the final aim is mainly to obtain 

better mechanical properties and/or higher corrosion resistance [9].  

Chromium (Cr) gives the stainless steels its good resistance against corrosion in corrosive 

environment at high temperatures [12].  

Nickel (Ni) increases the corrosion resistance and improves the creep strength and the 

resistance to oxide spallation caused by rapid temperature fluctuations [1]. Nickel is also a 

strong austenite stabilizer [12].   

Molybdenum (Mo) improves the resistance against pitting corrosion and is efficient in 

promoting solid solution hardening [9]. Due to the tendency for molybdenum to form 

intermetallic phases the amount of molybdenum added to the steel is limited to below 8 wt.% 

[12].  

Manganese (Mn) is added to increase the nitrogen solubility in austenitic stainless steels and 

since nitrogen is a strong austenite stabilizer some of the expensive nickel can be replaced by 

alloying with manganese and nitrogen [2,9]. But the corrosion resistance of manganese is 

slightly inferior to nickel [2]. Jargelius-Pettersson [13] examined phase transformation in 

austenitic stainless steel with a manganese content of 10.5-11 wt.% but observed in no cases 

any manganese-enriched phases, indicating that precipitates in such high manganese austenitic 

alloys does not differ from precipitates from austenitic stainless steels with lower manganese 

content.   

Silicon (Si) can be added to improve oxidation or scaling resistance [9]. High temperature 

stainless steels are often alloyed with silicon due to the increased corrosion resistance [12].   

Titanium (Ti) and Niobium (Nb) are strong carbide formers and are added to stabilize stainless 

steels [2]. They react with the carbon in the steel and forms carbides thus preventing the 

formation of chromium carbides which leads to chromium depletion and reduced corrosion 

resistance [12].  
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Nitrogen (N) is a strong austenite stabilizer, a potent interstitial solid-solution strengthener and 

it improves pitting corrosion resistance [14]. The solid solubility of nitrogen is greater than that 

of carbon and though the solubility of nitrogen in liquid iron is very low, nitrogen levels above 

1 wt.% can be obtained through alloying and specialized high-pressure melting techniques [14]. 

The amount of nitrogen retained in the material by processing at atmospheric pressure for most 

alloys is approximately 0.4 wt.% [14]. 

Carbon (C) acts principally by solid solution strengthening in non-stabilized stainless steel 

grades, but mainly by precipitation strengthening when niobium or titanium is present [2]. 

2.1.2. High temperature austenitic stainless steels 

Steels designed for applications where the temperature exceeds 550 °C are called high 

temperature grades [15]. To ensure performance at temperatures up to 1150 °C a number of 

important alloying elements have been added [15]. Two different alloying strategies exist: 

increasing the chromium content, sometimes in combination with a higher nickel level, and 

alloying with silicon, nitrogen and cerium [1]. The first approach is used in the grade      

Therma 309S and the second approach is used in the grades Therma 153 MA, Therma 253 MA 

and Therma 353 MA to which carbon is also added in order to, together with nitrogen, improve 

the creep strength by forming carbides and nitrides [1]. The typical composition of         

Therma 309S, Therma 153 MA, Therma 253 MA and Therma 353 MA are seen in Table 1. The 

addition of nitrogen along with other alloying elements such as silicon cause precipitates with 

different morphology and properties than the original matrix during high temperature 

applications [9]. Some of these precipitates have been thoroughly investigated but the 

knowledge of some precipitates are very scarce [9].  

Table 1. Typical chemical composition [wt.%] for Therma 309S, Therma 153 MA, Therma 253 MA and Therma 

353 MA [1,16] 

Grade C max Cr Ni N Si Other 

Therma 153 MA 0.05 18.5 9.5 0.15 1.3 Ce 

Therma 253 MA 0.09 21 11 0.17 1.6 Ce 

Therma 353 MA 0.05 25 35 0.17 1.3 Ce 

Therma 309S 0.06 22.3 12.6 0.06 0.3 - 

2.2. Precipitates in austenitic stainless steel 

Precipitates in steels may be divided into three different classes, carbides, nitrides and 

intermetallic phases [2]. High alloying content with high operating temperature increases the 

propensity for precipitations to form [1]. Some of the typical precipitates found in austenitic 

stainless steels are presented in Table 2.  
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Table 2. Crystal structure and composition of some precipitates in austenitic stainless steels [2,4-5,9] 

Precipitate Structure Parameters [nm] Typical Composition 

M23C6 carbide fcc a=1.057-1.068 Cr23C6 

MC carbide fcc a=0.4131-0.4698 (Ti,Nb,V,Zr)C 

M6C carbide fcc a=1.085-1.128 (Fe,Mo,Cr)6C 

MN nitride fcc a=0.4097-0.4577 (Zr,Ti,Nb,V)N 

M2N nitride hexagonal 
a=0.478-0.480; 

c=0.444-0.447 
(Cr,Fe)2N 

Z nitride tetragonal 
a=0.3037; 

c=0.7391 
CrNNb 

π nitride cubic a=0.63 Si-Mn-Cr-Ni-Mo-Fe 

η nitride diamond cubic a=1.0623 Cr3Ni2SiN 

σ phase tetragonal 
a=0.87-0.92; 

c=0.4554-0.48 
(Fe,Ni)x(Cr,Mo)y 

χ phase bcc a=0.881-0.895 (Fe,Ni)36Cr12Mo10 

Laves phase hexagonal 
a=0.473-0.0.43; 

c=0.772-0.786 
Fe2(Mo,Nb,Ta,Ti,W) 

G phase fcc a=1.115-1.120 (Ni,Fe,Cr)16(Nb,Ti)6Si7 

One drawback for most of the heat resistant austenitic steels is the formation of precipitates at 

service temperatures in the range 600-900 °C [1]. Results from internal research at Outokumpu 

Stainless AB [17] of high temperature grades after aging indicate that when continuous 

precipitation is formed, the ductility decreases significantly regardless the type of precipitates 

or if they are formed in the grain boundaries or in the δ-ferrite stringers. Therma 253 MA has 

substantially higher creep strength than standard heat resistant alloys such as Therma 304H, 

Therma 309S and Therma 310S due to the alloying of carbon and nitrogen [1]. The 

accompanying drop in toughness and ductility are mainly because of precipitation of 

intermetallic compound σ phase, whose detrimental effects on the mechanical properties of 

stainless steels has been shown in many investigations [1]. Some effects of the high content of 

nitrogen in Therma 253 MA are that the formation of σ phase is suppressed and instead 

nitrogen and silicon containing phases such as π nitride and η nitride are formed after short 

ageing times [1]. The presence of nitrides are detrimental for the room temperature toughness 

but much less so at elevated temperatures [1]. Additions of silicon and rare earth metals to   

Therma 253 MA contributes to the superior oxidation resistance, as does the increase to 25 % 

chromium in Therma 310S [1]. Powell et al [18] examined the ageing characteristics of a                             

20 % Cr / 25 % Ni-Nb stabilized stainless steel. The study showed that the presence of a 

dislocation network in the matrix increases the precipitation kinetics, but does not influence the 

type of precipitate formed. 

2.2.1. Carbides 

Carbon solubility in austenitic stainless steels decreases rapidly as the temperature decreases 

and since high nickel content also decreases the carbon solubility, the carbide M23C6 is very 

common in this class of steels [9]. The addition of stabilizing elements such as titanium, 

niobium and vanadium decreases the carbon solubility even further, resulting in precipitation of 

MC carbides [9]. Alloying with molybdenum may cause precipitation of M6C carbide and in 
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steels with a high carbon content M7C carbide may precipitate [9]. The presence of carbides in 

high temperature austenitic stainless steels are detrimental at room temperature toughness but 

much less so at elevated temperatures [1]. 

M23C6 carbide is the main carbide in austenitic stainless steels not stabilized with nitrogen and 

is as a result thoroughly investigated [2]. M23C6 has often the composition Cr23C6 but other 

elements such as iron, molybdenum and nickel can substitute chromium [2,9]. M23C6 carbide 

has a cubic FCC structure and a lattice parameter varying between 1.057 and 1.068 nm [2,4]. 

M23C6 starts to precipitate prior to intermetallic phases [19]. By increasing the amount of nickel 

in the alloy, the solubility of carbon is reduced and the formation of M23C6 is promoted as well 

as lowering the temperature at which the carbide is precipitated [9]. Large amounts of grain 

boundary M23C6 is not good since the matrix around the precipitate becomes depleted of 

chromium which leads to a reduction of tensile properties, increased sensitivity for 

intercrystalline corrosion and the formation of martensite during aging [19]. Two approaches 

are used to avoid large precipitations of M23C6, decreasing the carbon content or stabilizing the 

steel [19]. When strong stabilizers such as titanium, niobium and vanadium are added they 

react with carbon and form MC carbides which are very stable [9,19]. However, since M23C6 

grows rapidly it is rarely avoided completely [19]. M23C6 has been reported to exist at         

700-900 °C and the nickel content of the carbide is normally less than 5 wt.% [3,9]. Research 

has shown that M23C6 carbide does not dissolve silicon and as a result M23C6 remains silicon 

free, even when the matrix contains silicon [7].  

MC carbide (M=Ti, Nb, V, Zr, Hf and Ta) is a very stable precipitate and exists in all stabilized 

stainless steels, even those with low carbon content [9,19]. MC has an FCC, NaCl type, 

structure and a lattice parameter varying between 0.4131 and 0.4698 nm [2,19]. The difference 

between the lattice parameter of the MC and the matrix is >10 % but the cube-on-cube 

orientation relationship is, regardless of this, often found [19]. MC is predominantly 

precipitated intragranularly, at dislocations and at stacking faults but can also be present at 

grain boundaries [9,19]. It has been observed in two different variants, as a coarse (1-10 μm) 

primary precipitate created during solidification or as a fine (5-50 nm) secondary precipitate 

[19]. In stabilized steels some of the primary MC precipitates may be dissolved during solution 

heat treatment as 1050-1150 °C [19]. They can then be precipitated as secondary MC particles 

during aging or high temperature work [19].  

M6C carbide is often referred to as η carbide and has been found in steels containing especially 

molybdenum but also tungsten and niob frequently [9,19]. Since η carbide is only found in 

small quantities, if at all in stainless steels, the phase is not thoroughly investigated [9,19]. Now 

with the new super austenitic grades with large amounts of molybdenum and nitrogen the 

intermetallic phase has become more interesting [19]. The precipitate needs more than one 

metallic element, A3B3C or A4B2C, and typical metallic elements are iron, chromium, 

molybdenum, wolfram and niobium [2,9,19].  M6C has a diamond type FCC structure and a 

lattice parameter varying between 1.085 and 1.128 nm [2,9]. The η carbide and the FCC matrix 

have a cube-on-cube relationship [9]. Nitrogen has been said to favor η carbide over M23C6 

since M6C has higher solubility of nitrogen [9]. Nitrogen atoms substituting for carbon reduce 

the lattice parameter and stabilize the phase [2,9]. The precipitate is generally formed after long 
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term aging which is the reason that the knowledge of M6C is very scarce [2]. The formation and 

disappearance is related to other constituents which makes it difficult to give M6C a specific 

position in a time temperature precipitation diagram (TTP diagram) [2]. Alloying with niobium 

promotes the formation of niobium-rich M6C but alloying with titanium makes no M6C appear 

[2]. When nitrogen is available in sufficient amounts, formation of intermetallic Z phase occur, 

which is hard to distinguish from M6C [2].  

M7C3 carbide (M=Cr, Fe) is only found in steels with a high carbon to chromium ratio [9,19]. 

M7C3 has a pseudo-hexagonal structure and a lattice parameters varying between a=0.6928-

0.6963 nm and c=0.4541-0.4511 nm [19].  

2.2.2. Nitrides 

The most common nitrides found in austenitic stainless steels are MN and M2N, also called 

primary and secondary nitrides [9]. The primary nitrides of MN are formed in stabilized steels 

containing minor amounts of nitrogen (<0.1 wt.%) and the secondary nitrides of the type M2N 

precipitate in steels containing high levels of nitrogen (>0.1 wt.%).  Almost all nitrogen forms 

nitrides since they are very stable and does not dissolve during solution annealing [9].  

MN nitride (M=Zr, Ti, Nb and V) has the same crystalline structure as MC carbides but does 

not dissolve during solution annealing [9]. MN has an FCC structure and a lattice parameter 

varying between 0.4097 and 0.4577 nm [9]. The nitride can dissolve small amounts of other 

metallic elements present in the matrix, such as iron, chromium and nickel but only very small 

amounts of carbon since carbon increases the unit cell and lattice parameter [9]. 

M2N nitride (M=Cr, Fe) is a major precipitate in high nitrogen non-stabilized austenitic 

stainless steels and forms instead of M23C6 carbide [2]. It is sometimes referred to as ε nitride 

[5]. It has a HCP structure and lattice parameters a=0.478-0.480 nm and c=0.444-0.447 nm 

[2,9]. The precipitate is generally formed at grain boundaries, inside the grain and at 

dislocations [9]. It does not form in stabilized steels because Z nitride then seems to be favored 

[2].  

Z nitride is formed in niobium stabilized steels with a nitrogen content exceeding 0.06 wt.% [2] 

[9]. The conditions of its formation is still not thoroughly investigated and understood as well 

as its relative stability when compared to other precipitates [2]. Z nitride has a tetragonal unit 

cell and lattice parameters a=0.3037 nm and c=0.7391 nm [2,9]. It is rapidly precipitated at 

grain boundaries, but some precipitation does occur at twin boundaries and in the matrix at 

dislocations [2,9]. There is good agreement that Z nitride forms at high temperatures and is 

proposed to be the stable niobium containing phase in austenitic stainless steels with a high 

nitrogen content [2]. 

π nitride has a cubic structure with a lattice parameter a=0.63 nm [5]. It precipitates at grain 

boundaries and at triple junctions [3]. Research done by Jargelius-Pettersson [5] indicates that  

π nitride is a transient phase and that η nitride is the equilibrium nitrogen bearing phase.           

π nitride has been reported to exist at 700-900 °C [3]. Two different types of π nitride has been 

observed, π1 and π2 where π2 has a reported chromium content of about 59 % and a nickel 

content of 13 % compared with 43 % chromium and 23 % nickel for π1 [3,17]. 
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η nitride has the composition Cr3Ni2SiN, space group Fd-3m (227) and is indicated to be the 

equilibrium nitrogen bearing phase in austenitic stainless steels alloyed with nitrogen according 

to research made by Jargelius-Pettersson [5] and later confirmed by, among others, Outokumpu 

[3-4,6]. It’s important to separate the expressions η phase from η structure. When discussing    

η phase in this report it refers to a nitride with the composition of Cr3Ni2SiN whereas the 

expression η structure refers to a diamond cubic structure, often with the composition of M6X 

(X=C, N, O). To avoid confusion in this thesis the η phase will be referred to as η nitride. Some 

early work, like the work of Titchmarsh and Williams [7], indicates that the η structure is 

stabilized with carbon but Cr3Ni2SiC has seldom been reported and in some cases it is doubtful 

if the presence of carbon or nitrogen has been investigated or if Cr3Ni2SiC was assumed [2]. 

But later findings, like the research of Jargelius-Pettersson [5] and Sourmail and Bhadeshia [4], 

supports the idea that the variant of η structure Cr3Ni2SiN (in this thesis called η nitride) is 

generally stabilized by nitrogen. Since η nitride is a silicon rich phase it has in earlier studies 

been interpreted as intermetallic G phase since both phases are silicon-rich [3]. One such study 

where it is probable that η nitride has been interpreted as G phase is the diploma work by Selin 

[20] in 1998. The precipitate he refers to as G phase has a similar composition to η nitrides 

found by Jargelius-Pettersson [5,21]. Selin [20] also mentions that the G phase is enriched in 

nitrogen which further supports the idea that the phase was misidentified since it has been 

shown that an increasing nitrogen content will prevent the formation of G phase and instead 

favor the precipitation of π nitride which is, according to Jargelius-Pettersson [5], replaced by η 

nitride after further aging, making η nitride the equilibrium structure [22]. The G phase 

composition determined by Selin [20] was Cr3Ni3Si which is more similar to the composition 

of η nitride than the general composition of G phase, M16(Nb,Ti)6Si7 [2]. To complicate it 

further many earlier works refer to Laves phase as η phase [8]. The structure of η nitride is 

diamond cubic and the lattice parameter is approximately a=1.0623 but lattice parameters up to 

a=1.0722 has been reported [3-4]. η nitride is often hard to distinguish from M23C6 since they 

usually are found at the same locations and have similar morphology [4]. Generally η nitride is 

morphologically indistinguishable from M23C6 since they both have the same cube-on-cube 

orientation towards the matrix [8]. To separate them careful diffraction analysis is necessary 

[4]. The precipitation has been reported to take place at temperatures below 900 °C [3]. 

Jargelius-Pettersson [5] examined an alloy corresponding closely to Ultra 904L but with 

increased nitrogen content. The alloy was annealed, heat treated at 850 °C for 10 minutes,        

5 hours and 3000 hours and examined for occurring precipitates. After 10 minutes no η nitride 

was found, after 5 hours small quantities were found and after 3000 hours η nitride had 

replaced π and ε nitrides and was thus the equilibrium nitrogen bearing phase in this alloy. 

Jargelius-Pettersson [5] presented a hypothesis that the sluggish formation of the η nitride may 

be attributed to the dependence of silicon which was only present in this alloy at low levels. 

Jargelius-Pettersson [23] has also shown that increasing nickel content favors precipitation of   

η nitride. The η nitride is lower in chromium and higher in silicon and nickel than M23C6 [23]. 

η has been reported (confirmed by TEM analysis) to precipitate in Therma 253 MA after aging 

at 700-800 °C [3]. E. Horn [24] reported in 1980 that the formation of Cr3Ni2SiN precipitates 

occur in an austenitic stainless steel with 0.02 % C, 21 % Cr, 40 % Ni and 0.22 % Ni annealed 

at 700 °C for up to 2000 h. Horn reported formation of M2N particles after only 30 minutes 
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which were first formed at or near the grain boundaries, aggregated and begun to dissolve in 

the matrix. The nitrogen then dissolved in the austenite leading to the initial precipitation of 

Cr3Ni2SiN, also called η nitride, at the grain boundaries after 2000 h. M2N dissolved 

increasingly thus suggesting that η nitride is stable whereas M2N is at least metastable. 

Different compositions of η nitride found in the literature and the composition of η nitride 

given in internal reports at Avesta Research Center, Outokumpu Stainless AB, are presented in 

Table 3 as well as the composition of G-phase found by Selin now suspected to be η nitride 

instead.  

Table 3. Composition of η nitride [wt.%] found in literature and in internal reports at Avesta Research Center, 

Outokumpu Stainless AB as well as the composition of G-phase found by Selin now suspected to be η nitride 

instead 

 
Si  Cr  Ni  Fe  Mo  

Sourmail and Bhadeshia [4] 11–16 33–44 21–27 6–12 9–11 

Jargelius-Pettersson [5] 4.5±0.4 27±2 33±1 8±1 27±3 

Jargelius-Pettersson [13] 4±1 37±4 37±2 4±1 16±2 

Jargelius-Pettersson [23] 3–4 26–36 29–38 4–10 23–37 

SE20020379 [3] 6.5 46 32 10 3.5 

SE20040285 [6] 5–10 40–50 30–38 5–20 - 

Selin (G-phase) [20] 5–7 45–50 35 5–10 - 

2.2.3. Intermetallic phases 

The precipitation of intermetallic phases in austenitic stainless steels are normally associated 

with undesirable consequences like matrix depletion of important alloying elements such as 

chromium, molybdenum and niobium as well as detrimental effects on the mechanical 

properties of the steel [9]. The three most common phases in austenitic stainless steels are σ, χ 

and Laves [9]. Both σ phase and χ phase is known for their detrimental effects on steel 

properties but precipitation of Laves phase can cause precipitation hardening which is positive 

in some cases [9]. 

σ phase is the most studied and harmful intermetallic phase in austenitic stainless steels [9]. Its 

detrimental effects on material properties are well known and studied [2,9]. σ phase has a 

tetragonal structure with lattice parameters a=0.87-0.92 nm and c=0.4554-0.48 nm [2,9]. The 

composition can approximately be written as (Fe,Ni)3(Cr,Mo)2 and alloying elements such as 

chromium, manganese, molybdenum, silicon, titanium and niobium favor the formation of       

σ phase whereas nickel, aluminum, carbon and nitrogen hinder its precipitation [9,13,19,25].    

σ phase usually precipitate at triple junctions, incoherent twin boundaries and as intragranular 

precipitations [3,9,19]. Since the precipitation is mainly formed at grain boundaries a 

consequence is that fine grained samples have a larger volume fraction of precipitated              

σ particles [25]. The growth are slow due to the fact that carbon and nitrogen are insoluble 

which makes the precipitation of σ phase subsequent of that of nitrides and carbides [9,19].      

σ phase has a different crystal structure than the matrix and is rich of alloying elements which 

makes the growth slower since the alloying elements must diffuse through the matrix [9]. Cold 

deformation increases the formation of σ phase [9]. The formation of a nitrogen depleted zone 

close to the Cr2N precipitate leads to formation of σ phase [26-27]. It precipitates in a 
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temperature range of 600-900 °C and the size of the particles increases with aging [3,19,25]. 

The nucleation is difficult since the crystal structure is complex and very different from the 

matrix and σ is rich in alloying elements, thus dependent on the diffusion of alloying elements 

such as chromium which makes the diffusion of chromium the limiting element [19,25]. 

χ phase is usually a minor intermetallic phase similar to σ phase but can dissolve nitrogen and 

carbon and is therefore precipitated prior to σ [2,9,19]. The structure is BCC and the lattice 

parameter varies between 0.8807 and 0.8878 nm [2]. The typical composition is Fe36Cr12Mo10 

but the phase has a large tolerance for metal interchange [2]. It nucleates at grain boundaries 

and incoherent twin boundaries but also intragranuarly at dislocations [2]. χ phase needs 

molybdenum or titanium to precipitate and is stabilized with increasing nitrogen content 

[13,19]. Even though χ phase is considered detrimental to the steel properties it has been less 

studied than σ phase [9]. 

Laves phase is found in various grades of austenitic stainless steels where it is a minor 

constituent [2]. The formation of Laves phase competes with the formation of σ phase and        

χ phase [2]. It has a HCP structure and lattice parameters a=0.473-0.483 nm and            

c=0.772-0.786 nm [9]. The composition is Fe2M (M=Mo, Nb, Ti) and follows the sequence: 

first it appears at grain boundaries, next at incoherent twin boundaries, then coherent twin 

boundaries and finally within the grains [9]. Laves phase may result in precipitation hardening 

[19]. Yamamoto et al. [28] examined the microstructure after aging at 800 °C for a Fe-20Cr-

30Ni-2Nb (at.%) alloy with a small addition of silicon, zirconium or aluminum. In the base and 

the Si-modified alloys a fine Fe2Nb Laves phase dispersion was obtained. Their results 

indicated that the addition of silicon enhanced the nucleation and stabilized the size and 

distribution of the Fe2Nb particles for long term aging at elevated temperatures. In the alloys 

modified with zirconium and aluminum no precipitation of Laves phase occurred.  

G phase has an FCC structure with a lattice parameter of 1.12 nm and is a silicon rich 

intermetallic phase forming in austenitic stainless steels stabilized with titanium or niobium [2]. 

It has been shown that increasing nitrogen content prevents the formation of G-phase and 

instead favors the precipitation of π nitride [22]. The composition is generally M16(Nb,Ti)6Si7 

and an increased silicon content increases the volume fraction of G phase [2]. In aged specimen 

with a low fraction soluble carbon the formation of silicon rich G phase is favorable, but in 

cases with a large fraction soluble carbon a silicon rich carbide is precipitated [7]. G phase is an 

alternative silicon rich phase to η nitride and it seems to have been confused with η nitride in 

earlier work since both are silicon rich precipitates [2-3]. 

R phase occurs much less frequently and in smaller quantities in austenitic stainless steels than 

σ phase, χ phase and Laves phase [9].  The phase is composed basically of Mo-Fe-Cr and has a 

hexagonal structure with lattice parameters a=1.090 nm and c=1.934 nm [9]. 

μ phase occurs much less frequently and in smaller quantities in austenitic stainless steels than 

σ phase, χ phase and Laves phase [9]. The phase has been found in systems containing 

molybdenum and/or wolfram but the alloying content in most austenitic stainless steels are not 

high enough to cause the precipitation of μ phase [9]. The structure is rhombohedral with lattice 

parameters  a=0.4762 nm and c=2.5015 nm [9]. 
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2.2.4. Precipitation in high temperature austenitic stainless steels 

The high temperature austenitic stainless steels Therma 153 MA, Therma 253 MA,         

Therma 353 MA and Therma 309S experience different kinds of precipitation sequences as can 

be seen in the TTP curves in Figure 1. It can be seen that η nitride is occurring after shortest 

aging time in the Therma 353 MA steel which has the highest chromium and nickel content. In 

the Therma 153 MA no η nitride is present even after long term aging but it is also the steel 

which contains the lowest contents of chromium and nickel, both necessary elements for the η 

nitride to precipitate. Instead the π nitride is present in the Therma 153 MA which also 

precipitate in Therma 253 MA as one of the first precipitates but is in Therma 253 MA replaced 

by η nitride after further aging time. The M23C6 carbide and σ phase is present in all materials 

but at different times and temperatures due to the variation in element composition in the 

materials. [6] 

 

Figure 1. TTP-curves illustrating the precipitation sequence for the high temperature austenitic stainless steels 

temperature (°C) versus aging time (h) for Therma 153 MA, Therma 253 MA, Therma 353 MA and Therma 309S 

[6]. 

2.3. Crystallography 

Phases and intermetallic precipitations have specific 3-D lattice types which can be classified 

upon their lattice parameters a, b, c and α, β, γ [29]. The classification results in seven different 

systems and based upon the atomic structure fourteen possible lattice types can be obtained, 

called Bravais lattices summarized in Figure 2 [29]. The simplest one to describe is the cubic 

crystal system which is the crystal structure in the majority of metals [30]. Directions in a 

crystal are measured from the center of the unit cell outwards along a line [30]. By choosing a 

point along this and scaling its values such that they are whole numbers a direction by three 

integers can be represented [30]. When looking at a crystal along certain directions it is 
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possible to see symmetrical alignments of atoms that have special properties, one of which is 

that they can diffract or interact with electrons travelling along that direction [30].  

 

Figure 2. Illustration of the 3-D lattices systems [29]. 

η nitride has been reported as a diamond cubic structure [3]. The diamond cubic structure 

consists of an FCC Bravais point lattice which contains 4 lattice points per unit cell [31]. The 

diamond lattice however contains 8 atoms per unit cell unlike the regular FCC lattice which 

contains 4 atoms, which results in that the diamond cubic lattice exhibits the maximum packing 

density compared against all the other cubic structures [31]. Figure 3 shows a schematic model 

of a diamond cubic lattice. 

 

Figure 3. A schematic model of a diamond cubic lattice [32]. 
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2.4. Thermo-Calc 

The software Thermo-Calc is a very powerful tool to use in material science due to its ability to 

calculate thermodynamic equilibriums and phase transformations [10]. It is especially 

developed for materials with many non-ideal phases, however a lack of information about 

specific phases and their transformations exists, which makes the software and its results 

occasionally unreliable [10]. The ability to calculate phase diagrams in multicomponent 

systems with up to twenty elements makes the software useful to predict undesirable phases 

and in turn avoid them [10-11]. Thermo-Calc software use a number of databases which exhibit 

specific information for each particular application area and it is thus important to use the 

correct databases otherwise the software and its predicions are inadequate [11]. These 

databases are specially designed for e.g. slags, steels, electronic systems etc. and the reliability 

in each database varies as they are being developed continuously [11]. One limitation of 

Thermo-Calc is that it is difficult or impossible to combine data from different databases since 

they may use different models for the same phase, different descriptions of elements or 

compounds or, most common, different descriptions of the metastable states needed for 

solution modelling [11]. The predictions made by the Thermo-Calc software are limited by the 

available information in the used database [11]. For example it is known that η nitride 

(Cr3Ni2Si) is not described in Thermo-Calcs steel database TCFE7 even though it has been 

found in austenitic stainless steels with high chromium and nickel content, such as Therma 253 

MA and Therma 353 MA, see Figure 4-7 [6]. No information in the software system about the 

equilibrium state of η nitride can therefore be retrieved. The figures are calculated by using 

Thermo-Calc database TCFE7 and show that the stable phases in the temperature range 600-

1000 °C is γ (FCC_A1#1), Cr2N (HCP_A3#2) and M23C6 although σ phase is also present in 

the lower temperature range for Therma 253 MA. In Figure 5, describing Therma 353 MA, π 

nitride is present instead of σ phase below 700 °C. Figure 6-7 shows the possible precipitations 

in relation to the variations in chromium and nickel content in Therma 253 MA versus 

temperature and in both diagrams it can be seen that π nitride is present at higher alloying 

contents. Significant is that a higher chromium and nickel content promotes the formation of 

Cr2N and detriments the formation of austenite, according to the calculations by Thermo-Calc. 

During examination of Therma 253 MA material after long term aging Cr2N, M23C6, σ phase, π 

and η nitride was found in the temperature range 700-900 °C [3], but in Thermo-Calc neither π 

nor η nitride is present, see Figure 4, which makes the calculations by Thermo-Calc invalid. 

Even though π nitride emerges at higher chromium and nickel contents η nitride does not 

emerge at all.             
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Figure 4. Phase volume fraction as a function of temperature for Therma 253 MA illustrating the predicted stable 

phases. 

         

Figure 5. Phase volume fraction as a function of temperature for Therma 353 MA illustrating the predicted stable 

phases. 
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Figure 6. Mass percent chromium as a function of temperature for Therma 253 MA illustrating the phase 

transformations. 

 

Figure 7. Mass percent nickel as a function of temperature for Therma 253 MA  illustrating the phase 

transformations. 
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The thermodynamic equilibrium decides which phases that are stable at certain times and 

depends on the system which includes all the surrounding parameters such as temperature, 

pressure and composition etc. [33]. All these parameters are called state variables when using 

Thermo-Calc and different relationships between these variables make it possible to calculate 

several possible thermodynamic equilibriums [33]. Gibbs phase rule determines the maximum 

number of stable phases that can coexist in equilibrium at a certain ratio [33]. The properties of 

a specific phase are completely independent of the properties of another phase at the same time, 

which makes it possible to determinate the specific Gibbs energy for each phase [33]. Another 

parameter that has influence on the phase equilibriums is the constituents of elements that are 

selected [33]. Studies and evaluations of the Fe-Cr-Ni system have been rather acceptable, but 

difficulties are found with concentrations above 20 wt.% chromium since few experimental 

data is available and the area is quite unexplored [34]. Problems also occurs when adding 

nitrogen and carbon to the system, due to the increased level of precipitates which makes the 

system more complicated to calculate [34]. To develop and implement a phase into the 

database, Thermo-Calc calculates an equilibrium condition based on retrieved data and 

interesting elements that cooperate [35]. This equilibrium condition is then compared against 

experimental values in order to develop the calculated model for improved agreements [35]. An 

example can be seen in Figure 8 which shows an isothermal section at 1425 K for the            

Cr-Mo-Ni system were the mole fractions of chromium and molybdenum for σ phase are 

plotted against each other displaying the calculated phase boundaries [35]. Figure 8 thus 

indicates that σ phase should have a larger existence with regard to the experiments made by 

Kodentzov and Morizot [35]. 

 

Figure 8. Calculated isothermal section of the Cr-Mo-Ni system at 1425 K compared to the experimental made by 

Kodentzov and Morizot [35]. 

It should be mentioned that Thermo-Calc cannot replace handbook information due to 

insufficient calculations. Its purpose is rather to reduce the number of experiments that have to 

be made for validation. After validation Thermo-Calc can be put to further use as a predictor 

for undesirable precipitations or phase transformations. [33] 
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2.5. Metallographic examinations 

Scanning Electron Microscope (SEM) is a well-known technique to obtain high magnification 

images of the microstructure. The electron beam which penetrates the material and interacts 

with the material results in different kinds of detectable electrons and X-ray radiation emitted 

from the probe volume. Depending on which detector is used images of secondary or 

backscatter electrons can be achieved. [36] 

Energy Dispersive Spectroscopy (EDS) is used for chemical analysis of specific intermetallic 

phases, nitrides and carbides [37]. In the EDS analysis the radiation of the X-ray emitted from 

the probe volume is analyzed, see Figure 9 [37]. This energy is characteristic for the specific 

atoms in the probe volume [37]. The emitted X-ray gives information about the localized 

element composition and is able to detect all elements from atomic number 4 (Be) [37]. When 

using EDS analysis an accelerating voltage roughly around 15-20 keV is recommended for 

easier evaluation of the spectrum peaks [38]. However, analyzing small particles the 

accelerating voltage must be considered since a higher accelerating voltage of the electron 

beam will result in a deeper penetration which might result in that information from the bulk 

material affects the analysis of the small particle [36].  

 

Figure 9. Schematic Illustration of X-ray formation when an electron from an inner shell is knocked out by an 

incident electron [37].  

Wavelength Dispersive Spectroscopy (WDS) is a similar method to EDS which also uses the 

X-ray radiation for evaluation of the element composition. Both these techniques give 

spectrums containing element information, but the main difference is that WDS gives a better 

spectrum energy resolution. This makes it easier to evaluate more specifically which kind of 

alloying elements the phases consist of and separate overlapping spectrum peaks. All elements 

can be detected by using WDS and is preferable when specific analyses for increased 

sensitivity for specific elements are necessary. However, the disadvantage is that WDS is rather 

time consuming which is why the EDS is often a preferred method. [39] 

Electron Backscattered Diffraction (EBSD) is a technique which is suitable for evaluation of 

crystallographic orientations and structures in materials [40]. It provides information about 
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grain size, phase identification, quantities and textures which makes it a powerful method [40]. 

Identification of the crystal structure and orientation is made out of a diffraction pattern, which 

consists of several Kikuchi bands, characteristic for the typical crystal structure, by 

accumulating electrons which are projected on a phosphor screen where they can be indexed by 

the Miller indices and seen with the help of a low light camera [30,41]. The Kikuchi bands 

appear brighter than the background material and the edges of the bands correspond to 

diffracted electrons from a specific crystal plane [30]. A Kikuchi pattern from nickel is seen in 

Figure 10 [30]. High demands are set on the specimen surface which must be well polished 

when analyzing in order to improve diffraction pattern, quality and enable indexing [42].  

 

Figure 10. A Kikuchi diffraction pattern from nickel [43]. 

The specimen is tilted 70° in relation to the electron beam, see Figure 11, and to get a good 

diffraction pattern a relatively high accelerating voltage (10-30 keV) is necessary [42]. All 

seven crystal systems can be identified by using this technique [40]. Although EBSD is a very 

useful technique to evaluate microstructures it has several limitations; the limited spatial 

resolution of 20-50 nm, the difficulty detecting and distinguishing Kikuchi bands for rough 

surfaces and the limited sample size in the chamber [42,44-45]. However, this technique is 

quite fast and simple and the results achieved are a good complement to Transmission Electron 

Microscopy (TEM) investigations, which is another diffraction pattern method [45]. The 

methods are often combined to validate each other [45]. 
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Figure 11. Schematic illustration of specimen orientation when using EBSD technique [42].  

X-ray Powder Diffraction is an analytical technique that can be used for phase identification of 

crystalline materials. Electrons are accelerated toward a target and excite inner shell electrons 

which produce characteristic X-ray spectra. These X-rays are then directed onto the sample and 

as the sample and detector are rotated the intensity of the diffracted X-rays are recorded. The 

angle between the beam axis and the ring is called the scattering angle and in X-ray 

crystallography always denoted as 2θ. The most common application is identification of 

unknown crystalline materials but X-ray powder diffraction can also be used in other 

applications such as determination of cell dimensions, measurement of sample purity and 

identification of fine-grained minerals among others. X-ray powder diffraction is a rapid 

technique which is very straight forward and demands minimal sample preparation. The main 

limitations are that homogeneous and single phase materials are best for identification and that 

peak overlay may occur which worsens for higher angle reflections. [46] 

2.5.1. Indexing electron diffraction patterns 

The reflecting planes that are satisfied with Bragg’s law, see Equation (1), are the ones who can 

make diffraction pattern of the crystallography and is schematically illustrated in Figure 12 [3].  

 2𝑑𝑠𝑖𝑛𝜃 = 𝜆 (1) 

The parameter d represents the difference between the diffracting planes, θ represent the Bragg 

angle of where diffraction occurs and λ the wavelength of the incident electrons. The distance 

between the incident beam spot and maximum spot where diffraction occurs is marked R and is 

provided based on the diffraction pattern and L indicating the camera length distance. The 

wavelength depends on the accelerating voltage of the incident electrons and due to the minor 

angle 2θ in Figure 12, formulas can be derived and facilitated to accomplish detection of 

specific lattice types. [3] 
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Figure 12. Schematic Illustration of the diffraction procedure for crystallographic determination [3]. 

By modification of Equation (1) and by help of Figure 12, Equation (2) and Equation (3) can be 

expressed. The minor angle 2θ provides a relationship expressed in Equation (4) [3].  

 𝜆

𝑑
= 2𝑠𝑖𝑛𝜃 

(2) 

 𝑅

𝐿
= 𝑡𝑎𝑛2𝜃 

(3) 

 sin 2𝜃 ~𝑡𝑎𝑛2𝜃~2𝜃 (4) 

By combining Equation (2-(4), Equation (5) can be deduced, with which the distance d between 

the reflecting planes can be calculated [3]. 

 𝑅 × 𝑑 = 𝐿 × 𝜆 (5) 

Depending on lattice type the Miller indices (hkl) which describes the orientation of the crystal 

plane can be calculated and for the diamond cubic η nitride the miller indices can be calculated 

by using Equation (6) [3].  

 1

𝑑2
=

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 

(6) 

To be able to distinguish and characterize the possible phases and their crystallography at least 

three plane distances have to been measured. This is made in order to set a zone axis <UVW> 

which the characterization is based upon. Some phases, such as M23C6 and η nitride have the 

same cubic crystal system and very similar lattice parameters, which makes the evaluation of 

the two phases quite difficult. [3] 
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3. Materials and experimental procedures 

In this chapter the experimental procedures will be explained. 

3.1. Preparation of test material 

Since the aim of this study is to evaluate the η nitride formation, highly alloyed mini melts near 

the known η nitride composition Cr3Ni2SiN [3], was produced. To enhance the precipitation of 

nitrides and to minimize the risk of depletion of chromium in carbides high nitrogen content 

and low carbon content was desired. Chromium, nickel and silicon were varied in the range of 

35-50 wt.%, 25-38 wt.% and 5-10 wt.% to see their effect on the precipitation of nitrides and 

their equilibrium concentrations after aging. Three different compositions were selected, see 

Table 4 and Figure 13.   

Table 4. Designed composition [wt.%] of the three mini-melts that were produced 

Alloy C  Si  Cr  Ni  N 

C1 0.002 9.4 47.8 24.3 4.5 

C2 0.002 4.7 49.3 25.0 4.6 

C3 0.002 4.7 36.4 37.9 4.6 

 

Figure 13. Schematic figure for the three different compositions [wt.%]. 

3.1.1. Melting of small ingots 

To achieve desired variations and homogeneity in the ingots two mini-melts (~180 g) with 

identical composition were produced which then were remelted to one melt (~350 g). For the 

laboratory melting procedure a high frequency Elphiac induction furnace seen in Figure 14 was 

used. The alloying elements were added in the molds and a nitrogen atmosphere was applied 

inside a protecting glass tube to protect against oxidation. The most challenging part was to get 

a good melting procedure because nitrogen had the ability to escape in gaseous form since the 
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same pressure occurred inside as outside the glass tube. Nitrogen has a significant difference in 

partial pressure between liquid and gaseous which makes it more susceptible to escape from the 

melt [14]. This influenced the ingots in such a way that large pores occurred in all specimens. 

A slow careful melting was carried out for approximately 10 min in order to achieve a good 

melting. The ingots were then slowly air cooled for approximately 10 min before quenched in 

water. To achieve as much nitrogen as possible in the ingots melting should be performed just 

above the liquidus temperature, but unfortunately no temperature measuring device was 

available in the equipment. 

 

Figure 14. Elphiac Induction furnace used for melting of laboratory mini melts illustrating all of the necessary 

equipment’s needed.    

3.1.2. Homogenization 

An attempt to homogenize the ingots by hot forging was carried out. The ingots were heated to 

1120 °C and forged by a Servo Press 150. Unfortunately all ingots were extremely brittle and 

split into small pieces after only small deformations which led to that hot forging was excluded 

and homogenization could not be done as effectively. An attempt with 12 h annealing at     

1200 °C were also performed but no significant changes within the microstructure were 

noticeable, see Figure 15. 
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Figure 15. A shows the original cast structure and B the microstructure after attempted homogenization by 

annealing, 12 h at 1200 °C. No significant changes within the microstructure after homogenization are noticeable. 

3.1.3. Heat treatment  

The ingots were cut into smaller samples, typically 8x8 mm, by using a water-cooled cutter 

before aging. One sample of each melt were kept as reference material while the others were 

aged for 75 h, 300 h and 1200 h at the temperatures 700 °C, 800 °C, 900 °C and 1000 °C. All 

samples were painted with a protective layer of silicon oxide before they were placed in the 

heat furnaces for better protection against oxidation and maintain as high nitrogen content as 

possible (reduce the escape of nitrogen to the environment). After aging the samples were 

quenched in water.  

3.2. Metallographic sample preparation 

The samples were subsequently hot mounted in a conductive bakelite resin, Buehler 

KonductoMet. Further preparation steps included stone-grinding followed by polishing with 

diamond slurry (9 µm and 3 µm) and finally silicon oxide polishing. All grinding and polishing 

steps are seen in Table 5. 
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Table 5. Grinding and polishing steps used in the metallographic preparation procedure 

 Polishing cloth Lubricant/Suspension Time [min] Force [N] 

Grinding Stone Water 0.5 20 

Polishing MD-Allegro 
MetaDi Fluid /DP-Suspension P 

9 µm 
4.8 67.5 

Polishing MD-Plus 
MetaDi Fluid/DP-Suspension P 

3µm 
3 67.5 

Polishing MD-Chem OP-S Suspension 3.5 20 

3.2.1. Etchants  

The samples were etched before examination in LOM by two different etchants, Beraha II and 

electrolytic NaOH.  

Beraha II is a tint etchant which is used to study segregations in austenitic stainless steels. The 

sample is immersed in the solution and when a coloring of the sample surface is visible the 

etching is complete. The composition of Beraha II is: 

 2 parts distilled water 

 1 part concentrated HCl 

 1 mg K2S2O5 per 100 ml solution  

NaOH is an electrolytic etching process which is used to prove presence of σ phase in 

austenitic stainless steels. The sample is immersed in the solution and etched at 2 V for 

approximately 5 s. The composition of NaOH is: 

 40 g NaOH 

 Distilled water to 100 ml volume 

3.3. Examination method 

The different samples were analyzed according to Table 6-8. 

Table 6. The different analysis carried out on the various samples of material C1 

Examination 

methods 

75 h 300 h 1200h 

700 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

800 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS, WDS 

900 °C LOM, SEM, EDS LOM, SEM, EDS, EBSD LOM, SEM, EDS 

1000 °C LOM, SEM, EDS LOM, SEM, EDS, PD LOM, SEM, EDS 
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Table 7. The different analysis carried out on the various samples of material C2 

Examination 

methods 

75 h 300 h 1200h 

700 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

800 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

900 °C LOM, SEM, EDS LOM, SEM, EDS, EBSD LOM, SEM, EDS 

1000 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

Table 8. The different analysis carried out on the various samples of material C3 

Examination 

methods 

75 h 300 h 1200h 

700 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

800 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS, WDS 

900 °C LOM, SEM, EDS LOM, SEM, EDS EBSD, PD LOM, SEM, EDS 

1000 °C LOM, SEM, EDS LOM, SEM, EDS LOM, SEM, EDS 

3.3.1. Light Optical Microscopy (LOM) 

LOM were performed using a Zeiss Observer.Z1m optical microscope to obtain high quality 

low magnification micrographs of the aged samples.  

3.3.2. Scanning Electron Microscopy (SEM) 

SEM was performed using a Zeiss ULTRA 55 FEG-SEM to obtain high quality high 

magnification micrographs of the aged samples and in combination with EDS and EBSD to 

evaluate the chemical composition and crystallography. The WDS analysis used to measure the 

N and C content was performed using a LEO 440-SEM. 

3.3.3. Energy Dispersive Spectroscopy (EDS) 

A mapping analysis was made in order to obtain the distribution of the chemical elements in the 

intermetallic phases followed by point analysis (15 s process time) of the interesting areas and 

precipitates. In order to be able to examine if the phases have variations in composition from 

the center point out to the phase boundaries, line analysis were made from the center with step 

size 1 µm and 10 s process time over the phase transitions for a couple of chosen samples. 

Mapping, point and line analysis were all made using Oxford PentaFETx3 at an accelerating 

voltage of 15 kV and 60 μm aperture. Before the analyses a quant optimization was made by 

using pure cobalt in order to optimize the spectrum peaks for more accurate values and 

evaluations. Area analyzes were made in order to examine the different composition 

differences throughout the materials. Three areas per sample were analyzed in order to get an 

average composition, a Cr2N cluster composition and a matrix composition, see Figure 16. The 

analysis time for the area analysis were set to 120 s in order to get an accurate analysis.  
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Figure 16. EDS area analyzes done on material C1 for A: Average composition, B: Cluster composition and C: 

matrix composition. 

3.3.4. Wavelength Dispersive Spectroscopy (WDS) 

WDS analysis was made in order to determine an approximate level of N and C in the materials 

and precipitates. Quantification was made with pure Cr2N (11.53 wt.%) as reference for 

measuring the nitrogen content while the quantification was made with Cr23C6 (5.7 wt.%) for 

measuring the carbon content. The results were then compared to the levels obtained with EDS. 

3.3.5. Electron Backscattered Diffraction (EBSD) 

EBSD analyses were performed for a selected number of samples. Before analyses all samples 

were electrochemically polished to receive good diffraction patterns during mapping analysis 

which were performed with step size 0.63 µm at an accelerating voltage of 20 kV. 

3.3.6. X-ray Powder Diffraction 

Two samples were sent to Swerea KIMAB for X-ray powder diffraction analysis. The two 

samples were C1 aged at 1000 °C for 300 h and C3 aged at 900 °C for 300 h. The analyses 

were carried out with Cu Kα radiation. 
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3.4. Phase identification 

In order to make visible identifications of the different precipitates hardness indentation were 

made on two samples (C1 and C2 both heat treated at 900 °C for 1200 h) to ensure that the 

same area was investigated. Micrographs were then taken of the area on unetched samples in 

SEM using backscatter detector and in LOM both in unetched condition and after etching in 

electrolytic NaOH. EDS analyses were made on the samples and compared to the micrographs 

in order to facilitate further metallographic analyzes. 
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4. Results 

In this chapter the results will be presented. 

4.1. Thermo-Calc 

Phase volume fraction diagrams as a function of temperature for the mini melts C1, C2 and C3 

are seen in Figure 17-19. According to Thermo-Calcs steel database TCFE7 γ (FCC_A1#1) and 

Cr2N (HCP_A3#2) exists in all three melts for the investigated temperature range of 700-1000 

°C. Thermo-Calc also predicts the presence of Cr3Si and Si3N4 in the materials.  

 

Figure 17. Phase volume fraction as a function of temperature for melt C1 illustrating the predicted stable phases. 
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Figure 18. Phase volume fraction as a function of temperature for melt C2 illustrating the predicted stable phases. 

 

Figure 19. Phase volume fraction as a function of temperature for melt C3 illustrating the predicted stable phases. 
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4.2. Phase identification 

Identified phases according to analyzes performed, see chapters 4.4 and Error! Reference 

ource not found., are Cr2N, π nitride, σ phase and η nitride. Also, a few unidentified phases, M 

and N, are detected. Examples of morphologies are shown in Figure 20-22. Note that the image 

taken in SEM (A) is a mirrored image reversed to the images taken in LOM (B and C). EDS 

analysis of material C2 aged at 900 °C for 1200 h, shows that NaOH etches π nitride and an 

unidentified phase (M), see Figure 20. EDS analysis of material C1 aged at 900 °C for 1200 h, 

shows that NaOH etches σ phase yellowish and the unidentified phase (M) is etched blue, see 

Figure 21. EDS analysis of material C3 aged at 700 °C for 75 h shows that Cr2N is unaffected 

by etching in NaOH, see Figure 22. The darker grey phase that is unaffected by etching in 

NaOH in material C1 and C3 is η nitride.  
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Figure 20. The same area in material C2 heat treated at 900 °C for 1200 h where A: shows a SEM image using 

backscatter (AsB) detector, B: a LOM image in unetched condition and C: a LOM image after etching in NaOH. 

A is a mirrored image of B and C. 
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Figure 21. The same area in material C1 heat treated at 900 °C for 1200 h where A: shows a SEM image using 

backscatter (AsB) detector, B: a LOM image in unetched condition and C: a LOM image after etching in NaOH. 

A is a mirrored image of B and C. 
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Figure 22. The same area in material C3 heat treated at 700 °C for 75 h where A: shows a SEM image using 

backscatter (AsB) detector, B: a LOM image in unetched condition and C: a LOM image after etching in NaOH. 

A is a mirrored image of B and C. 

4.3. Light Optical Microscopy (LOM) 

In all three materials the structure is a cast structure with what appears like dendrites, see 

Figure 23. The materials are not homogeneous and in some areas the melting procedure appears 

to be incomplete, see Figure 24, and in some areas the incomplete mixing is obvious, see 

Figure 25. The structures are, overall and as expected, very complicated and far from any 

standard steel grade.  
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Figure 23. Structure of the material C1 with what appears like dendrites.   

 

Figure 24. Material C3 where some areas appear to be incomplete melted.  
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Figure 25. Material C3 where the incomplete mixing provides two areas with different compositions. 

It is possible to distinguish the different phases quite well in the LOM images. For the unetched 

samples Cr2N appears as a rounded dark grey phase, surrounded by lighter grey/beige border of 

π nitride and darker grey strings of η nitride, see Figure 26. An unidentified phase (M) 

precipitates between Cr2N and π and is distinguished by its white color, see Figure 27. In 

addition to precipitating as a solid boundary surrounding Cr2N the π nitride also precipitates as 

a needle like precipitate in the matrix, see Figure 28. In the samples etched in Beraha II, it is 

possible to predict where the π nitrides precipitated as needles are situated, since the area where 

they precipitate appear lighter, see Figure 29. η nitride precipitates as strings at grain 

boundaries, around Cr2N, intragranularly and in C1 and C3 also in a “skeleton-like” manner 

which looks like an eutectoid growth of η nitride and another phase, see Figure 30.  



45 

 

 

Figure 26. Material C3 heat treated at 1000 °C for 75 h at 1000 x magnification in unetched condition. The 

occurring precipitates Cr2N, π nitride and η nitride are marked. 

 

Figure 27. Material C2 aged at 900 °C for 75 h at 1000 x magnification in unetched condition. The occurring 

precipitates Cr2N, π nitride, η nitride and the unidentified phase (M) are marked. 
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Figure 28. Material C2 etched in NaOH aged at 800 °C for 75 h at 500 x magnification. π nitride precipitated as a 

border around Cr2N precipitates and as a needle-like precipitation. 

  

Figure 29. Material C3 aged at 700 °C for 300 h at 500 x magnification where A: is etched in NaOH and B: etched 

in Beraha II. The area where the needle-like π nitride precipitates appears brighter in B. 
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Figure 30. Material C3 aged at 800 °C for 75 h at 500 x magnification. a: show an η precipitation at grain 

boundaries, b: an η precipitation around a Cr2N nitride, c: a “skeleton-like” η precipitation and d: η precipitation 

intragranularly. 

In the reference sample of material C1 η nitride, π nitride, Cr2N and M phase appears. During 

aging σ phase is identified and the amount of M phase and η nitride increases. The amount of σ 

phase and M phase increases with increasing aging temperature and aging time. No skeleton-

like precipitate of η nitride could be found and the size of the η nitride precipitates increases 

with increasing aging temperature and aging time. Cr2N seems to transform into M phase, see 

Figure 31. The diffusion goes faster at increased heat treatment temperature and in the samples 

heat treated at 900 °C and 1000 °C for 1200 h no Cr2N is left. At the same time M phase starts 

to etch by NaOH revealing that the phase consists of multiple grains, see Figure 32. 
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Figure 31. Material C1 etched in NaOH aged at 800 °C for 1200 h at 100 x magnification. π nitride is etched blue, 

σ phase is etched yellowish and η nitride is unaffected by etching and dark grey. Cr2N dissolves into M phase. 

 

Figure 32. Material C1 etched in NaOH aged at 900 °C for 1200 h at 500 x magnification. The occurring 

precipitates σ (etched yellow), the unidentified phase (M) (etched blue) and η nitride (unaffected by etching) are 

marked. 
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In the reference sample of material C2 only small amounts of η nitride could be found but is 

identified after 75 h aging in all samples. Large amounts of π nitride precipitate around the 

Cr2N precipitates and grow during further aging and the growth is favored by higher aging 

temperature. The area fraction π nitride is greatest in material C2. No M phase could be found 

in the reference sample but the phase appears after 75 h aging at all temperatures. As in sample 

C1 is M phase favored by higher aging temperature and starts to etch by NaOH after aging at 

900 °C and 1000 °C, see Figure 33. Cr2N seems to transform into M phase and matrix, see 

Figure 34. 

 

Figure 33. Material C2 etched in NaOH aged at 900 °C for 1200 h at 500 x magnification. The occurring phases   

π nitride and the unidentified phase (M) are marked. 
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Figure 34. Material C2 aged at 1000 °C for 300 h. Area where Cr2N appear in less sensitized samples. Cr2N has 

transformed into M phase, π nitride and matrix. 

In the reference sample of material C3 no π nitride could be found. After aging at 75 h π nitride 

appears in material C3 both as a border around the Cr2N and as a needle-like precipitate for all 

aging temperatures. η nitride seems to be the favored nitride in material C3. Material C3 is the 

material with the most η nitride precipitated in the skeleton-like way. The amount of M phase is 

lowest in material C3 compared with the other two materials. Instead another unidentified 

phase, N, was found after aging at 1000 °C for 1200 h, see Figure 35.  
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Figure 35. Material C3 aged at 1000 °C for 1200 h. The occurring phases π nitride, η nitride and the unidentified 

phase N is marked. 

For micrographs of all samples at 500 x magnification in unetched condition, etched in    

Beraha II and etched in NaOH see Appendix A – LOM images.  

4.4. Scanning Electron Microscopy (SEM) 

SEM images of material C1 aged at  700 °C for 300 h taken with different detectors, secondary 

electron (SE2) and backscatter (AsB), are seen in Figure 36-37. The occurring precipitates 

Cr2N, π nitride, η nitride and σ phase are marked in the images. σ phase emerges more clearly 

in AsB with its bright contrast.  
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Figure 36. SEM image of material C1 aged at 700 °C for 300 h taken with secondary electron (SE2) detector. The 

occurring precipitates Cr2N, π nitride, η nitride and σ phase are marked. 

 

Figure 37. SEM image of material C1 aged at 700 °C for 300 h taken with backscatter (AsB) detector where the 

precipitates Cr2N, π nitride, η nitride and σ phase are marked. 
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4.4.1. Energy Dispersive Spectroscopy (EDS) 

The precipitates were determined by EDS analyzes to be Cr2N, π nitride, η nitride and σ phase 

as their composition agreed well with published earlier works.   

In Figure 38 a secondary electron (SE2) image of C3 aged at 1000 °C for 300 h is shown 

together with an EDS mapping of the same area. The mapping clearly shows the distribution of 

the alloying elements in the different phases revealing that π nitride precipitates as a border 

around Cr2N while η nitride mostly is found inside the matrix. Brighter areas indicate higher 

content of the specific element while darker areas indicate lower contents. Mapping analyzes 

were performed on reference sample and samples aged at 75 h and 300 h and are seen in 

Appendix B – EDS mappings.  
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Figure 38. Material C3 aged at 1000 °C for 300 h with a SEM image of the EDS mapped area on top where the 

occurring precipitates Cr2N, π nitride and η nitride are marked. 

The results from the area analyzes are shown in Table 9 and visualized in Figure 39. The 

chromium and nitrogen content are highest in the Cr2N-clusters where the other element are at 

their lowest. For the average EDS analysis, it is clear that the chromium content is higher than 

the designed composition whereas the silicon content is lower and the nickel content is about 

the same as the designed composition. The nickel content in the matrix has increased compared 

with the designed composition while both chromium and silicon has decreased. 
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Table 9. The designed composition [wt.%] of the different materials compared to the composition measured by 

EDS area analysis 

 Cr  Ni  Fe  Si  N  

C1 

Designed composition 
47,8 24,3 13.9 9,4 4,5 

C1 

Average EDS 
48.8 25.9 12.8 4.8 7.0 

C1 

Cluster EDS 
63.5 16.8 8.0 3.6 8.1 

C1 

Matrix EDS 
43.4 32.1 16.3 7.7 1.2 

C2 

Designed composition 
49.3 25.0 16.4 4.7 4.6 

C2 

Average EDS 
54.4 25.8 13.3 2.65 3.9 

C2 

Cluster EDS 
66.6 15.8 8.8 1.8 7.1 

C2 

Matrix EDS 
45.5 32.5 17.0 3.0 2.0 

C3 

Designed composition 
36.4 37.9 16.4 4.7 4.6 

C3 

Average EDS 
40.4 39.1 13.2 2.7 4.6 

C3 

Cluster EDS 
59.5 22.8 8.4 1.6 7.7 

C3 

Matrix EDS 
35.3 44.6 14.3 2.9 2.4 
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Figure 39. The designed composition [wt.%] of the different materials compared with the composition measured 

by EDS area analysis. 
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The average composition of the precipitates π nitride, η nitride and σ phase are shown in  

Figure 40-46 and tabulated in Appendix C – EDS average composition of π, η and σ. No          

π nitride could be found in the reference of material C3 but the phase appear after only short 

aging times at all the test temperatures. For material C3 a clear trend can be seen where the 

silicon content increases in π nitride with increasing heat-treatment temperature, from 1.9 % Si 

at 700 °C for 1200 h to 3.2 % silicon at 1000 °C for 1200 h. The same trend, though less 

pronounced, can be seen in material C2 in which the silicon content for the π nitride after heat-

treatment at 1200 h goes from just over 2 % at 700-800 °C to 3.5 % for 1000 °C. The material 

C1 shows the opposite trend, with reduced content of silicon in π nitride with increasing 

temperature and heat-treatment time. The chromium content is constant at around 60 % for all 

three materials. The nickel content is relatively constant irrespective of the heat treatment 

temperature and time, however, varies somewhat between the materials where it is lowest in C1 

(~21 %), slightly higher in C2 (~24 %) and highest in C3 (~26 %). The iron content in π nitride 

vary quite significantly, but a trend that can be seen is that the content seems to decrease with 

increasing heat treatment temperature but increases during prolonged aging at the specific 

temperature. The composition of η nitride is relatively stable with a silicon content of ~9 %, a 

chromium content of ~50 % and a nickel content of ~35 %. The iron content seems however to 

fluctuate quite a lot and no clear trend can be distinguished. σ phase was only found in material 

C1 by EDS. The trends that can be discerned is that σ phase is slightly enriched in iron with 

increasing heat treatment time, chromium seems to be relatively constant at ~55 %, while 

silicon and nickel decreases with increasing heat treatment time. The composition of the 

unidentified phase M was determined to be in the range 85-90 wt.% Cr, 5-10 wt.% Fe and some 

minor residues of silicon and nitrogen.  

  



58 

 

  

  

Figure 40. Average composition [wt.%] of π nitride in material C1. 

  

  

Figure 41. Average composition [wt.%] of η nitride in material C1. 
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Figure 42. Average composition [wt.%] of σ phase in material C1. 

  

  

Figure 43. Average composition [wt.%] of π nitride in material C2. 
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Figure 44. Average composition [wt.%] of η nitride in material C2.  

  

  

Figure 45. Average composition [wt.%] of π nitride in material C3. 
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Figure 46. Average composition [wt.%] of η nitride in material C3.  

The average composition of η nitride for all three materials is seen in Table 10. The 

composition is very stable.  

Table 10. Average composition of η nitride for all three materials. 

Si [wt.%] Cr [wt.%] Fe [wt.%] Ni [wt.%] 

8.7–9.7 47–54 1.4–4.1 33–36 

The results from the EDS line analysis for material C2 aged at 900 °C for 1200 h is presented 

in Figure 47, starting from the center of the η nitride (yellow) to the center of the matrix 

(purple) for the elements silicon, chromium, iron and nickel. The two values adjacent to the 

phase boundary has been deleted and extrapolated for a more accurate extrapolation. No 

significant variation in composition from the center to the phase boundary can be seen. The 

extrapolated values correspond to the composition that prevails in the precise phase transition 

which is compiled in Table 11-13 for η nitride to matrix, π nitride and σ phase for the different 

melts. Visual approximations were done in the cases where the extrapolated value in the phase 

transition seems to be inaccurate and are in the tables set into parenthesis and bolded. For all 

the samples analyzed, the silicon, chromium, and nickel content are very stable in the η nitride 

if regard is taken to the visible approximations. Iron is only found in small quantities and the 

content varies somewhat more than that of silicon, chromium and nickel. The silicon content in 

the matrix decreases during aging at 900 °C and 1000 °C, the chromium content is lowest in the 

matrix after aging at 900 °C for material C1 and C2 whereas the content in material C3 does 

not change much and the iron content in the matrix increases during the aging for all materials. 
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For the phase transition of η nitrides to σ phases it can be seen that the composition of η nitride 

is as stable as for the matrix transition whereas the composition of σ phase varies between the 

temperatures 900 °C and 1000 °C. The same phenomenon is seen for the η nitride to π nitride 

transition where the composition of η nitride is very stable whereas the composition of π nitride 

varies between the C2 and C3 samples. All EDS line analysis with extrapolated values are 

summarized in Appendix D – Local equilibriums over phase transitions. 

  

  

Figure 47. EDS line analysis with step size 1 µm from the center of η nitride into the matrix for material C2 aged 

at 900 °C for 1200 h. The two values nearest the phase transition have been extrapolated to determine the 

composition in the phase boundary. 
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Table 11. Extrapolated phase transition for η into the matrix [wt.%] which refers to EDS line analysis with step 

size 1 µm, illustrated in Figure 47 

 

η 

wt.% Si 

Matrix 

wt.% Si 

η 

wt.% Cr 

Matrix 

wt.% Cr 

η 

wt.% Fe 

Matrix 

wt.% Fe 

η 

wt.% Ni 

Matrix 

wt.% Ni 

C1 

reference 
9.9 4.1 47.5 39.7 

0.8 

(2.3) 
20.8 

43.6 

(36.8) 
35.5 

C1 

900 °C at 1200 h 
9.3 1.2 50.0 33.9 1.8 27.9 

37.8 

(37.0) 

39.1 

(38.5) 

C1 

1000 °C at 1200 h 

8.3 

(9.0) 
1.1 49.8 36.5 3.5 27.1 

34.4 

(35.5) 
35.4 

         

C2 

reference 
9.7 3.0 

53.4 

(52.0)  

43.9  

(42.7) 
3.2 22.3 35.0 38.7 

C2 

900 °C at 1200 h 

9.1 

(9.4) 
0.8 49.3 35.4 1.0 24.6 35.9 41.3 

C2 

1000 °C at 1200 h 
9.5 1.5 50.0 36.6 3.0 

25.1 

(24.5) 
34.0 37.4 

         
C3 

reference 
9.8 3.3 

53.0 

(50.0)  
31.1 

0.1 

(1.5) 
17.2 34.9 49.9 

C3 

900 °C at 1200 h 
9.8 1.0 50.6 33.1 1.5 

17.3 

(17.6) 
36.3 50.5 

C3 

1000 °C at 1200 h 
9.8 1.3 49.5 33.0 0.4 19.6 35.1 47.9 

Table 12. Extrapolated phase transition for η into σ which refers to EDS line analysis with step size 1 µm, 

illustrated in Figure 47 

 

η 

wt.% Si 

σ 

wt.% Si 

η 

wt.% Cr 

σ 

wt.% Cr 

η 

wt.% Fe 

σ 

wt.% Fe 

η 

wt.% Ni 

σ 

wt.% Ni 

C1 

900 °C at 1200 h 
9.3 1.8 

53.0 

(51.5) 
56.2 

0.8 

(1.0) 
22.5 35.5 

17.8 

(18.0) 

C1 

1000 °C at 1200 h 
10.0 2.5 49.8 55.9 1.9 19.7 35.6 20.2 

Table 13. Extrapolated phase transition for η into π which refers to EDS line analysis with step size 1 µm, 

illustrated in Figure 47 

 

η 

wt.% Si 

π 

wt.% Si 

η 

wt.% Cr 

π 

wt.% Cr 

η 

wt.% Fe 

π 

wt.% Fe 

η 

wt.% Ni 

π 

wt.% Ni 

C2 

900 °C at 1200 h 
9.7 

2.4 

(2.6) 
51.0 65.2 1.4 

9.1  

(8.5) 
34.9 

17.8 

(20.0) 

C3 

900 °C at 1200 h 
9.0 3.5 

50.5 

(50.1) 
57.9 0.9 5.7 35.7 28.0 

4.4.2. Wavelength Dispersive Spectroscopy (WDS) 

The nitrogen content in the matrix, η nitride, π nitride and Cr2N measured by WDS is shown in 

Table 14 and visualized in Figure 48. The nitrogen content in the matrix is about the same for 

both material C1 and C3 as is the nitrogen content in π nitride. η nitride and Cr2N in material 

C3 has a higher nitrogen content higher than in material C1.    
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Table 14. Nitrogen content [wt.%] in material C1 and C3 measured by WDS 

 Matrix (average) η (max) π (max) Cr2N (max) 

C1 1.5 2.8 4.3 8.8 

C3 1.4 3.2 4.4 9.4 

 

Figure 48. Nitrogen content measured in material C1 and C3 by WDS. 

4.4.3. Electron Backscattered Diffraction (EBSD) 

Figure 49A shows the EBSD mapping image for material C1 aged at 900 °C for 300 h and B 

and C shows backscatter (AsB) images of the same area as A. The indexing is approximately 

50 %. Cr2N, colored blue in the EBSD map and the darkest phase in the backscatter images, is 

surrounded by π nitride, colored green in the EBSD map and light grey in the backscatter 

image. σ phase is colored pink in the EBSD map and is the brightest phase in the backscatter 

image. These analyses together with earlier EDS analyzes confirms the presence of these 

phases. EBSD also indicates that there might be CrN, M23C6 and M6C present colored light 

blue, purple and orange in the material but no other analysis method confirm the presence of 

these precipitates. No η nitride was detected by the EBSD and would otherwise have been 

colored yellow. EDS analysis made on the exact same area mapped by EBSD confirms the 

EBSD results that it is most likely Cr2N, π nitride and σ phase but no presence of CrN, M23C6 

and M6C could be found with EDS. Instead EDS indicated the existence of η nitride in the 

bottom right corner in A and C where the EBSD did not index anything. Examples of 

diffraction patterns for π nitride and η nitride are presented in Appendix E – EBSD diffraction 

patterns of π and η.  
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Figure 49. Material C1 aged at 900 °C for 300 h where A shows the EBSD map and B and C show a SEM image 

taken with backscatter (AsB) detector of the EBSD area where C corresponds to the exact area as the EBSD map. 

4.5. X-ray Powder Diffraction 

The following precipitates were found by Swerea KIMAB in material C1 aged at 1000 °C for 

300 h: 
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 η nitride, confident 

 σ phase, confident 

 π nitride, confident 

 Cr2N, good fit after small changes in parameters 

 γ, confident 

 α, confident 

 Some unidentified peaks of which the strongest probably is an intermetallic phase  

In material C3 aged at 900 °C for 300 h did Swerea KIMAB find the following precipitates: 

 η nitride, confident 

 σ phase, confident 

 π nitride, confident 

 Cr2N, good fit after small changes in parameters 

 Some smaller unidentified peaks  

The lattice parameter for η nitride was closer to 10.60 Å than 10.62 Å according to          

Swerea KIMAB. Figure 50 shows a diffraction pattern of material C1 aged at 1000 °C for 300 

h indicating the peaks of austenite (γ), ferrite (α), η nitride, σ phase, Cr2N and π nitride. The 

correlation between the peaks and markers for η nitride are acceptable indicating a presence of 

η nitride in the materials. The two strongest unidentified peaks are found at 41.5 and 48.5. The 

diffraction patterns received from Swerea KIMAB are presented in Appendix F – X-ray 

powder diffraction patterns.  
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Figure 50. Diffraction patterns from Swerea KIMAB of material C1 aged at 1000 °C for 300 h where a few areas 

are chosen and displayed with higher magnification showing the acceptable correlation between the peaks and 

markers for η nitride. 
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5. Discussion 

The high content of nitrogen caused a cumbersome melting procedure and the process had to be 

ended quickly after complete melting to retain as much nitrogen as possible in the melt. As a 

result the alloying elements did not mix properly and the solidified materials were 

inhomogeneous. The lack of homogeneity in all melts causes problems throughout the 

metallographic evaluation e.g. difficulty with measuring the change in area fraction of the 

different precipitates during aging. An idea to increase the amount of solute nitrogen in the melt 

while still getting a good mixing of the alloying elements, would be to perform the melting 

inside a pressurized chamber with a higher atmospheric pressure so the melting could run 

longer. Another idea is to measure the temperature during melting and to maintain the 

temperature just above the solidification temperature since the solubility of nitrogen decreases 

with increasing temperature. 

Trials by hot forging were carried out in order to try to break up the cast structure to be able to 

homogenize the materials effectively by the following annealing. Based on the high level of 

Cr2N and σ phase in the materials there is no surprise why all ingots cracked during the trials 

since both are very brittle phases [2,9]. Since no hot forging was possible and the annealing test 

carried out without prior hot forging did not show any significant changes in the 

microstructure, the structures in the materials remain a cast structure with dendrites and 

segregations. When examining the LOM images it seems most likely that the Cr2N is the first 

solidifying phase since the way it has precipitated looks like a dendrite structure. The material 

referred to as the matrix should then be the last solidified material. But some observations 

contradicts this theory as there are also bigger angular areas of Cr2N that indicates that these 

areas are a result of poor mixing and some of these areas also have a high density of pores 

which indicates that these areas are the last solidified. The segregation in the materials implies 

that macroscopic areas with different chemical compositions are found in the materials, which 

can be visualized as a line in a phase diagram where the starting point is the first solidified 

material and the end point the last solidified material. The longer the aging time, the shorter the 

line until it, ideally, becomes one single point.  

The analyses indicate that the materials consist of both two phase equilibriums and multiple 

phase equilibriums in different local composition areas. During further aging the composition 

of e.g. η nitride and M phase do not change, but since the area fraction precipitate changes the 

phases are not in complete equilibrium. This indicates that the compositions of the materials are 

within a multiple phase equilibrium, or that the specific area where these phases precipitate are 

within a multiple phase equilibrium. Since no complete equilibrium condition is obtained 

within any of the materials after 1200 h aging, it implies that further aging time are necessary to 

fulfill a complete equilibrium condition.  

In all three laboratory melts Thermo-Calcs steel database TCFE7 predicted the occurrence of 

Cr3Si, Si3N4 and Cr2N as stable phases, see Figure 17-19. Cr3Si and Si3N4 were however not 

found in any of the materials, and even though Cr2N was found, the nitride dissolves and is thus 

most likely not an equilibrium phase. This shows that the steel database TCFE7 needs to be 

revised and supports Qiu’s [34] theories that calculations above 20 wt.% chromium are 
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unreliable due to the lack of experimental data and must be further explored for developments 

and improvements. 

η nitride does favorably start to precipitate inside the matrix at primary grain boundaries and 

intragranularly specifically in early stages of the aging process in melts C1 and C3. This 

indicates that η nitride is favored by the enhanced content of nickel and silicon, thus supporting 

Jargelius-Pettersson’s [5,23] hypothesis that precipitation of η nitride is enhance by nickel and 

silicon. The average composition of η nitride does not change much due to alloy composition, 

aging time or aging temperature which indicates that η nitride is an equilibrium phase. The iron 

content in η nitride does however vary without any clear pattern that can be distinguished, 

which might indicate that iron in η nitride is a substitutionally dissolved element.  

When analyzing the samples with EBSD it was obvious that the analysis did not work 

satisfactory with an average indexing below 50 %, which is relatively low. The reason for the 

poor results may be many. One main factor usually derives from poor sample preparation but 

also stress and strain from deformation as well as imperfections in the analysed crystal 

structures influence the diffraction patterns. Precipitation during solidification could possibly 

also be tougher to solve since difference in composition affect the lattice parameters. The most 

surprising was that no η nitride could be indexed even though it has been found using the EDS 

analysis prior at Avesta R&D, Outokumpu, [3]. Since a phase with similar composition found 

in the literature was proven to be η nitride and the presence of η nitride was confirmed with X-

ray powder diffraction in material C1 aged at 1000 °C for 300 h and material C3 aged at 900 °C 

for 300 h it can be concluded, with very high probability, that η nitride precipitates in all three 

materials. This makes the inability of the EBSD analysis to index η nitride somewhat 

troublesome. Analyses with EBSD is normally poor at distinguishing the size of the unit cell 

partly due to that the bandwidth does not vary much with the size of the unit cell but in 

particular to the information lost in the Hough-transform where the band identification is made 

but a normal unit cell size does not present any major problem. Symmetry plays a major role 

when it comes to determining which bands that actually are there but these should be well 

known for the space group used. The EBSD software uses a data file of reflections for every 

analyzed phase. For complex phases with many different atoms and positions different 

reflections will have different intensity for different atom positions and as the final reflection 

file, today normally simulated kinematically, also uses a cut-off some possible reflections for a 

phase may be excluded and thereby possibly not fit actual achieved Kikuchi patterns. Most 

modern software also uses dynamical simulation for better pattern simulation and for very 

complex phases this might be needed. For best EBSD results it is recommended that the 

reflectors are optimized, possibly with help both from X-ray powder diffraction and TEM 

results. A possible explanation could be that η nitride does not belong to space group Fd-3m 

(227), but to an adjacent space group. Yet another explanation could be that the composition of 

η nitride differs so much from the earlier studies in the literature [3,23] that the structure of η 

nitride has changed and thus making indexing harder, or that the results from the X-ray powder 

diffraction is wrong. It is, after all, many phases in the materials so by chance there may be 

peaks interpreted as η nitride that are not. The X-ray powder diffraction was challenging due to 

the amounts of different phases and some peaks remained unidentified after analyzing the 

results. One of the peaks could for example be interpreted as austenite but during the EBSD 
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analysis austenite was one of the phases in the register which was not indexed. All these 

explanations are speculative and TEM analysis would be necessary to get a clearer answer and 

hopefully enable the possibility to identify some of the unidentified peaks.  

For the line analysis, small variations in composition may occur due to the few analyzed points 

and rather small phases. The small phases are a problem since signals from the underlying 

material may affect the analysis and thus give unreliable results. The appearance of the grain 

boundaries could also have impact on the results. In some cases where the polynomial solution 

is obviously wrong, manual approximations have been carried out for a more credible 

evaluation. The extrapolated values over the phase boundary, where the two phases are in local 

equilibrium, describes the local equilibrium compositions and are the necessary values in order 

to implement (or validate) a phase into Thermo-Calc databases. The local equilibrium analyses 

performed seems generally not to have a steep slope against phase boundary indicating that 

analyses is close to equilibrium. It should be emphasized that for a perfect analyses phase 

boundary should be perpendicular to the surface. η nitride seems to be at equilibrium since the 

composition of η nitride is independent on alloying content, aging time or aging temperature 

and this might cause trouble when extrapolating. Since no composition variation in η nitride 

could be detected during the line analyses which support the idea of multiple phase 

equilibrium, perhaps the average composition would be equally suitable for experimental 

comparison in Thermo-Calc as the extrapolated values. A complete equilibrium condition 

would be preferable since the diffusion in the materials due to the inhomogeneous composition 

and the non-equilibrium phases may affect the results.  

The generous σ phase occurrence in melt C1 is attributed to the higher content of silicon, 

compared to the other two materials, which favors σ phase precipitation. The silicon level in σ 

phase precipitated in material C1 decreases after aging which indicates that silicon isn’t 

naturally soluble in σ phase. The analyses from higher aging temperatures supports that idea 

since the silicon content decreases faster with higher aging temperature which corresponds to a 

faster diffusion rate. No σ phase could be detected by examination in LOM and SEM/EDS in 

material C2 and C3 but since σ phase was detected in material C3 with X-ray powder 

diffraction the probability for small amounts of σ phase in material C2 as well may be 

considered high. But the total amount of σ phase in C2 and C3 is probably very low compared 

to the amount of σ phase in C1. 

Two different variants of π nitride has been reported in the literature where the chromium 

content seems to be the difference. The π nitride found and analyzed in the three materials 

tested have all approximately the same chromium content and is probably thus the same variant 

of π nitride. π nitride seems to favorably precipitate around Cr2N which is consistent with 

Horn’s [24] conclusion that precipitation preferably takes place near M2N particles due to the 

higher dislocation density there. During aging Cr2N seems to decompose into π nitride and an 

unidentified phase, denoted M but further aging, to achieve complete equilibrium, is necessary 

to reach a final conclusion. The silicon level in π nitride seems to be approaching 

approximately 4 wt.% for all three materials. In material C3 no π nitride could be found in the 

reference sample implying that nickel suppresses the formation of π nitride. The fraction π 

nitride in material C1 seems to decrease with further aging indicating that π nitride is not an 
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equilibrium phase in material C1. In material C2 and C3 the fraction π nitride appears, on the 

contrary, to increase. π nitride seems to be a transition phase but since the alloying content in 

the phase seems to be approaching a stable composition no final conclusion whether or not it is 

a transition phase or an equilibrium phase can be drawn.  

The unidentified metallic phase called M between Cr2N and π nitride reminds a lot of the 

M23C6 carbide since the M23C6 carbide often has a high chromium content. But the M phase did 

not contain any carbon when analyzing with WDS, thus contradicting this theory. The indexing 

by EBSD did not either give any clear results since the M phase was indexed both as MN, M6C 

and M23C6. Since neither nitrogen nor carbon was found by WDS the phase is concluded to be 

neither a nitride, a carbide nor even matrix. It is also impossible to determine if M phase is an 

equilibrium phase or a transition phase precipitated between Cr2N and π nitride since no 

complete equilibrium is reached but location close to heavy segregated areas indicate that this 

is a transition phase. Prolonged aging will help this analyses. One other theory is that M phase 

is pure BCC chromium with dissolved iron since the M phase consists of 85-90 wt.% 

chromium and 5-10 wt.% iron. After aging at 900 °C and 1000 °C for material C1 and C2, M 

phase starts to color by etching with NaOH. The phase appears to consist of multiple grains that 

all etch differently. In the metallographic examination by both LOM and SEM a slight 

difference in contrast can be seen within the M phase which might indicate that there are 

variations in the composition. However, since no compositional variations were found with 

EDS or WDS analysis it rather indicates that the influence is due to crystallographic 

orientations or areas possibly also with different levels of recovery. The matrix however, might 

have slightly different compositions due to the non-full equilibrium condition and lack of 

homogenization which can be seen in the images etched by Beraha II. 
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6. Conclusions 

 No full equilibrium in any material is reached after 1200 h aging at any of the 

temperatures. 

 The presence of Cr2N, π nitride, η nitride and σ phase were confirmed with EDS, 

EBSD and X-ray powder diffraction. η nitride could not be indexed by EBSD but 

its existence was confirmed by X-ray powder diffraction and EDS analysis. 

 Cr2N, π nitride and η nitride were observed in all materials after aging.  

 Precipitation of η nitride is favored by high Si and Ni content. 

 η nitride exhibits no significant change in composition during aging and is 

considered to be an equilibrium phase. 

 Composition of the η nitrides near the phase boundary correlated well with the 

composition in the center of the η nitride, indicating that average analysis could be 

used in comparison with calculated values in Thermo-Calc. 

 Cr2N seems to transform into the unidentified M phase and π nitride during aging 

and is most likely not an equilibrium phase. 

 Precipitation of π nitride is suppressed by nickel. 

 π nitride are reduced during aging in material C1 and it is most likely not an 

equilibrium phase in material C1. 

 Both materials, C1 and C3, that were sent to X-ray powder diffraction was 

confirmed to contain σ phase, but with EDS analysis σ phase was only found in 

material C1. 

 

  



74 

 

  



75 

 

7. Future work 

To maintain as much nitrogen content as possible in the melt it would be an advantage if the 

melting process could be performed using a closed chamber with a higher nitrogen atmospheric 

pressure. This due to that nitrogen has a high partial pressure difference between the liquid and 

the gaseous state which makes the nitrogen able to escape into gaseous form when melting 

Longer aging times would be necessary to reach complete equilibrium conditions for all of the 

materials, since only local equilibriums can be found in the materials after 1200 h aging. 

Since no η nitride could be indexed using the EBSD a deeper study focusing on finding            

η nitride with the EBSD software should be performed. This would be made in conjunction 

with X-ray powder diffraction analysis and TEM which would contribute with reference data 

that could be implemented in the EBSD software.  

Since the η nitride found by Jargelius-Pettersson [5,13,23] has a high molybdenum content (up 

to 37 wt.%) further studies on the influence of molybdenum on the precipitation of η nitride 

would be interesting. 

Further homogenization attempts in order to speed up the recovery process and break up the 

cast structure is recommended.  
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Appendix A – LOM images 

In this appendix LOM images from all three samples at the different heat treatment 

temperatures and times will be displayed. Images were taken in 500 x magnification in 

unetched condition, etched in Beraha II and etched in NaOH.   
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Appendix B – EDS mappings 

In this appendix EDS mappings from all three samples at the different heat treatment 

temperatures and 0-300 h will be displayed. Images were taken in 1000 x magnification and 

with 50 frames. Marked phases are confirmed by EDS point analysis. 
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C1 700 °C for 75 h 
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C1 700 °C for 300 h 
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C1 800 °C for 75 h 
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C1 800 °C for 300 h 
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C1 900 °C for 75 h 
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C1 900 °C for 300 h 

 

  

  



115 

 

C1 1000 °C for 75 h 
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C2 800 °C for 75 h 
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C2 900 °C for 75 h 
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C2 900 °C for 300 h 
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C2 1000 °C for 75 h 
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C2 1000 °C for 300 h 
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C3 700 °C for 300 h 
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C3 800 °C for 75 h 
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C3 800 °C for 300 h 
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C3 900 °C for 75 h 

 

  

  



132 

 

C3 900 °C for 300 h 
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C3 1000 °C for 75 h 
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C3 1000 °C for 300 h 
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Appendix C – EDS average composition of π, η and σ 

In this appendix average composition of π nitride, η nitride and σ phase acquired by EDS 

analysis will be displayed.  

C1 700 °C 

  Si Cr Fe Ni 

Reference π 6.5±0.4 60±2 6.6±0.6 21±1 

η 9.3±1.0 51±3 4.1±2.0 33±2 

σ 3.2±0.9 54±2 21±2 21±2 

75 h π 5.9±0.9 60±1 7.6±1.3 20±1 

η 9.7±0.3 50±2 3.0±0.8 34±1 

σ 3.8±1.2 54±2 21±2 21±2 

300 h π 5.4±1.2 59±1 8.6±1.3 20±1 

η 9.5±0.4 49±2 2.4±1.3 35±2 

σ 3.3±1.0 55±2 21±2 20±2 

1200 h π 4.4±0.7 59±1 9.5±0.7 21±2 

η 9.0±0.7 48±2 3.7±2.7 34±2 

σ 3.4±0.7 52±2 22±2 20±2 

C1 800 °C 

  Si Cr Fe Ni 

Reference π 6.5±0.4 60±2 6.6±0.6 21±1 

η 9.3±1.0 51±3 4.1±2.0 33±2 

σ 3.2±0.9 54±2 21±2 21±2 

75 h π 5.3±0.9 60±1 8.5±1.4 20±1 

η 9.2±0.5 47±3 3.0±0.9 35±2 

σ 3.5±0.5 54±2 21±1 21±2 

300 h π 3.7±0.6 60±2 8.1±0.8 22±2 

η 8.8±0.9 51±3 2.9±1.5 34±1 

σ 2.4±0.6 56±1 25±3 19±1 

1200 h π 3.7±0.2 59±1 9.4±0.5 22±1 

η 9.5±0.7 49±1 1.7±0.9 35±1 

σ 2.5±0.3 54±1 25±1 18±1 
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C1 900 °C 

  Si Cr Fe Ni 

Reference π 6.5±0.4 60±2 6.6±0.6 21±1 

η 9.3±1.0 51±3 4.1±2.0 33±2 

σ 3.2±0.9 54±2 21±2 21±2 

75 h π 3.7±0.3 60±1 10.0±0.4 20±1 

η 9.0±0.8 52±4 3.3±1.9 33±3 

σ 2.6±0.6 56±1 21±2 20±1 

300 h π 3.6±0.2 58±1 7.7±0.3 21±1 

η 8.7±0.5 48±1 2.2±1.0 33±1 

σ 1.6±0.1 53±1 24±1 17±1 

1200 h π 3.8±0.1 60±1 8.3±0.5 22±1 

η 9.5±0.4 49±1 1.9±0.7 35±1 

σ 2.3±0.4 56±2 22±2 19±1 

C1 1000 °C 

  Si Cr Fe Ni 

Reference π 6.5±0.4 60±2 6.6±0.6 21±1 

η 9.3±1.0 51±3 4.1±2.0 33±2 

σ 3.2±0.9 54±2 21±2 21±2 

75 h π 4.5±0.2 61±1 6.8±0.5 21±1 

η 9.2±0.7 50±2 1.8±0.7 34±2 

σ 2.6±0.6 57±2 20±2 20±1 

300 h π 4.8±0.5 57±2 6.9±0.5 22±1 

η 9.2±0.5 48±2 2.4±1.0 34±2 

σ 2.7±0.3 54±2 22±1 20±1 

1200 h π 4.0±0.2 58±3 7.6±0.4 21±2 

η 9.0±0.8 49±2 3.2±1.9 35±2 

σ 2.2±0.2 56±2 23±1 19±1 

C2 700 °C 

  Si Cr Fe Ni 

Reference π 4.9±1.6 56±3 6.3±1.1 23±2 

η 9,6±0.8 50±1 3.1±1.2 35±1 

75 h π 2.7±0.7 59±1 9.3±0.3 24±1 

η 8.8±0.6 54±2 2.3±0.5 33±3 

300 h π 2.3±0.5 58±1 10.5±1.0 24±1 

η 9.6±0.4 49±1 2.7±0.8 35±1 

1200 h π 2.2±0.7 57±1 9.3±1.3 24±1 

η 8.9±0.4 49±3 3.0±1.5 35±1 
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C2 800 °C 

  Si Cr Fe Ni 

Reference π 4.9±1.6 56±3 6.3±1.1 23±2 

η 9,6±0.8 50±1 3.1±1.2 35±1 

75 h π 2.5±0.2 59±1 8.4±0.3 24±1 

η 8.5±0.9 49±3 3.4±2.2 35±2 

300 h π 2.3±0.5 59±1 9.0±1.0 25±2 

η 8.7±0.8 51±3 1.6±0.7 34±2 

1200 h π 2.3±0.6 58±1 9.2±1.3 24±2 

η 8.9±0.3 51±1 1.5±0.3 34±1 

C2 900 °C 

  Si Cr Fe Ni 

Reference π 4.9±1.6 56±3 6.3±1.1 23±2 

η 9,6±0.8 50±1 3.1±1.2 35±1 

75 h π 3.0±0.6 59±1 8.0±0.8 24±1 

η 9.2±0.5 48±1 2.6±0.7 35±1 

300 h π 3.0±0.5 60±3 8.9±1.4 24±2 

η 9.0±0.9 50±2 2.9±1.4 36±1 

1200 h π 3.3±0.3 59±2 7.7±0.8 24±1 

η 8.9±0.7 48±2 3,7±2,5 36±1 

C2 1000 °C 

  Si Cr Fe Ni 

Reference π 4.9±1.6 56±3 6.3±1.1 23±2 

η 9,6±0.8 50±1 3.1±1.2 35±1 

75 h π 3.4±0.7 59±1 7.5±0.7 23±1 

η 8.9±0.6 49±2 2.3±0.7 35±1 

300 h π 3.1±0.2 56±1 7.4±0.7 21±1 

η 9.4±0.6 49±2 2.7±1.0 36±1 

1200 h π 3.5±0.5 59±1 7.3±0.8 23±1 

η 9.5±0.2 49±1 1.9±0.2 35±1 
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C3 700 °C 

  Si Cr Fe Ni 

Reference π - - - - 

η 8.9±1.0 47±2 2.4±0.7 35±2 

75 h π 1.7±0.5 58±1 9.0±0.8 24±1 

η 9.5±0.3 49±1 2.0±0.3 35±1 

300 h π 1.6±0.4 58±1 9.6±0.8 25±1 

η 9.5±0.4 49±1 1.7±0.5 35±1 

1200 h π 1.9±0.6 57±1 7.3±1.3 27±1 

η 9.4±0.2 48±1 1.5±0.7 36±1 

C3 800 °C 

  Si Cr Fe Ni 

Reference π - - - - 

η 8.9±1.0 47±2 2.4±0.7 35±2 

75 h π 2.1±0.5 59±1 7.6±1.2 25±1 

η 9.1±0.6 49±2 1.8±0.6 36±2 

300 h π 2.0±0.8 58±1 7.6±2.2 26±3 

η 9.3±0.6 49±2 2.3±1.6 35±2 

1200 h π 2.0±0.7 59±2 6.7±1.4 27±1 

η 9.5±0.3 49±1 1.5±0.8 36±1 

C3 900 °C 

  Si Cr Fe Ni 

Reference π - - - - 

η 8.9±1.0 47±2 2.4±0.7 35±2 

75 h π 2.6±0.8 59±2 5.6±0.7 26±2 

η 8.9±0.7 49±1 1.6±0.4 35±2 

300 h π 2.7±0.6 58±1 6.1±0.9 26±1 

η 9.2±0.5 48±1 1.6±0.5 36±1 

1200 h π 2.6±0.6 58±1 5.8±1.1 27±2 

η 9.4±0.5 48±1 1.7±0.9 36±1 

 

  



139 

 

C3 1000 °C 

  Si Cr Fe Ni 

Reference π - - - - 

η 8.9±1.0 47±2 2.4±0.7 35±2 

75 h π 3.2±0.3 59±1 5,9±0.4 26±1 

η 9.2±0.5 47±2 2.5±1.3 36±1 

300 h π 3.2±0.2 58±1 5.4±0.2 26±1 

η 9.0±0.5 47±1 2.1±1.1 35±1 

1200 h π 3.2±0.3 58±1 5.6±0.5 26±1 

η 9.4±0.2 49±1 1.4±0.4 36±1 
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Appendix D – Local equilibriums over phase 

transitions 

In this Appendix local equilibriums over phase transition are displayed.  

C1 reference η/matrix 
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C1 900 °C for 1200 h η/matrix 

  

  

C1 900 °C for 1200 h η/σ 

  

  

 



143 

 

C1 1000 °C for 1200 h η/matrix 

  

  

C1 1000 °C for 1200 h η/σ 
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C2 reference η/matrix 

  

  

C2 900 °C for 1200 h η/matrix 
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C2 900 °C for 1200 h η/π 

  

  

C2 1000 °C for 1200 h η/matrix 

  

  

 



146 

 

C3 reference η/matrix 
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C3 900 °C for 1200 h η/π 

  

  

C3 1000 °C for 1200 h η/matrix 
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Appendix E – EBSD diffraction patterns of π and η 

In this appendix Diffraction Patterns of π (Pi) and η (Eta) exhibited from the EBSD analysis, 

will be displayed. 

π nitride 
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η nitride 
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Appendix F – X-ray powder diffraction patterns 

In this appendix diffractograms received from Swerea KIMAB, will be displayed. 
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Comparison between C1 and C3  

 


