
Precipitation in Advanced Stainless Steels

NIKLAS HOLLÄNDER PETTERSSON

Doctoral Thesis
Stockholm, Sweden 2018



ISBN 978-91-7729-774-1

Materialvetenskap
Skolan för industriell teknik och management

Kungliga Tekniska Högskolan
SE-100 44 Stockholm, Sweden

Akademisk avhandling som med tillstånd av Kungliga Tekniska högskolan framläg-
ges till offentlig granskning för avläggande av teknologie doktorsexamen fredagen
den 8 juni 2018 klockan 10:00 i B2, Materialvetenskap, Kungliga Tekniska högsko-
lan, Brinellvägen 23, Stockholm.

© Niklas Holländer Pettersson, juni 2018

Tryck: Universitetsservice US AB



To Jasmin, my partner in crime.

iii



iv

Abstract

Advanced stainless steels often suffer from complex precipitation behaviour
due to the high levels of alloying elements needed to obtain their attrac-
tive properties. This demands a correct handling of the material to avoid
formation of harmful phases during production, manufacturing and service.
An understanding of the precipitation behaviour is thus essential in order to
maintain the properties. This thesis has focused on two critical aspects for
the duplex stainless steels, namely the precipitation of chromium nitrides and
the phase separation in ferrite at low temperatures.

Phase separation can compromise the structural stability of duplex stain-
less steels if they are used in certain temperature ranges for a prolonged period
of time. The degradation of mechanical properties can occur slowly and its
relation to the evolving nanostructure is of interest for lifetime predictions.
The nanostructure evolution and corresponding mechanical property changes
during aging has therefore been studied for the duplex stainless steel 2507
by advanced characterisation, property testing and fractography. The loss of
toughness and transition in fracture behaviour can be related to a reduced
dislocation mobility in the decomposed ferrite as evident by the increased
tendency for cleavage failure and deformation twinning. A simple relation
between the chromium fluctuations, hardness and impact toughness could be
identified.

Nitrides are formed isothermally if the material is held at a critical tem-
perature for sufficient time, but the duplex stainless steels are also sensitive to
non-equilibrium precipitation during cooling from high temperatures, for ex-
ample, as in welding. A series of microscopy techniques and heat treatments
in a dilatometer have been applied to study the precipitation behaviour of
2507 and its dependence on cooling rate and microstructure. The CrN, in
addition to the expected Cr2N, was found to form upon rapid cooling. Elec-
tron diffraction studies revealed that CrN is most likely a forerunner to Cr2N
which nucleates at the former. The Cr2N in turn acts as nucleation sites for
intragranular secondary austenite if a second short-term heat treatment is
made, a situation that might occur during multipass welding.

The non-equilibrium nitride formation is closely related to the austen-
ite stability and transformation during cooling, and the ferrite grain size.
The high-temperature phase equilibria were therefore studied for four duplex
stainless steels using in situ neutron scattering. The existence of a fully fer-
ritic state was confirmed and the austenite stability measured. The data can
be used for improving the precision of CALPHAD databases for the duplex
stainless steels.
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Sammanfattning

Avancerade rostfria stål har ofta komplexa utskiljningsbeteenden på grund
av det legeringsinnehåll som krävs för att ge materialet dess attraktiva egen-
skaper. Korrekt hantering blir därför viktig för att undvika att skadliga faser
bildas under produktion, tillverkning och användning. En bra förståelse för
utskiljningsbeteendet är därför viktig för erhålla och behålla önskade egenska-
per. Denna avhandling har fokuserat på två kritiska områden för de duplexa
rostfria stålen, utskiljning av kromnitrider samt ferritens sönderfall genom
fasseparation vid låga temperaturer.

Ferritens sönderfallet kan påverka de duplexa rostfria stålens förmåga
att bära last om de används i ett kritiskt temperaturintervall under läng-
re tid. Förändringen av materialets mekaniska egenskaper sker dock grad-
vis och inverkan av den framväxande nanostrukturen är därför intressant för
livslängdsuppskattningar. Dessa förändringar har därför studerats för det du-
plexa rost fria stålet 2507 genom avancerad karakterisering, egenskapsprov-
ning och fraktografi. Försprödningen och det förändrade brottbeteende kan
relateras till en minskad dislokationsmobilitet i sönderfallen ferrit, vilket ses
som en ökad tendens till klyvbrott och deformationstvillingbildning. En rela-
tion mellan kromfluktuationer, hårdhet och slagseghet har identifierats.

Nitrider bildas isotermt om materialet hålls vid en kritisk temperatur un-
der tillräcklig tid, men de duplexa rostfria stålen är dessutom känsliga för
utskiljning av ickejämviktsnitrider under svalning från höga temperaturer,
till exempel efter svetsning. Utskiljningsbeteende för 2507 och dess beroende
av svalningshastighet och mikrostruktur har studerats med olika mikroskopi-
tekniker och värmebehandlingar i dilatometer. Utöver den förväntade Cr2N
så bildades CrN vid snabbsvalning. Elektrondiffraktionstudier tyder på att
CrN i detta fall är ett förstadium till Cr2N som kärnbildas på den tidigare.
Cr2N i sin tur agerar kärnbildare för intragranulär sekundäraustenit vid en
ytterligare värmebehandling, en praktisk situation som kan uppstå vid fler-
strängssvetsning.

Utskiljning av ickejämviktsnitrider är nära sammankopplat till austenitens
stabilitet och tillväxt under svalning och ferritens kornstorlek. Högtempera-
turjämvikten har därför studerats för fyra duplexa rostfria stål in situ med
neutronspridning. Ett helferritiskt område bekräftades och austenitens sta-
bilitet mättes. Informationen kan användas till att förbättra precisionen för
CALPHAD-databaser för de duplexa rostfria stålen.
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Chapter 1

Introduction

We are using an increasing amount of resources to sustain our modern way of life. In
a circular economy, from a life cycle assessment point of view, two ways of reducing
the environmental impact of a product are to prolong the product lifetime or to
increase recycling. Manufacturing something only once during a certain period of
time will require less resources than if the same item has to be replaced two or three
times during the same period of time. If the disposed item then can be used to
manufacture something new, this will save resources compared to restarting from
raw materials. Steels have the unique property that they can be recycled unlimited
times, and the stainless steels are especially interesting since they are resistant and
durable, and can have a very long lifetime if used correctly.

Stainless steel is a general term refering to a large group of alloys that have
in common that they contain enough chromium to induce the formation of a
chromium-rich oxide that acts as a passive barrier and limits electrochemical re-
actions with the environment. This passivity can, however, break down locally
depedning on the strength of the barrier relative the harshness of the environment.
Passivity breakdown leads to the initiation of localized corrosion attack, and the cor-
rosion resistance is therefore often measured in terms of a resistance towards pitting
corrosion. The strength of the passive barrier depends on the content of alloying
elements. A common way of expressing the influence of the alloying elements is the
empirical pitting resistance equivalent number PREN = %Cr+3.3×%Mo+16×%N
[1, 2], which states that molybdenum and nitrogen also have positive effects on the
corrosion resistance (in addition to chromium).

One interesting subcategory of alloys is the duplex stainless steels that consists
of two phases, ferrite and austenite, in a mixture of approximately equal parts
by volume. This makes it possible to make a material with a combination of
properties from the two phases, yet avoiding some of the weaknesses of the single-
phase alloys. Compared to the austenitic grades, the duplex grades have higher
mechanical strength and corrosion resistance, and are more price stable due to
the lower levels of nickel [3]. The high strength enables leaner constructions, which

1
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makes the material cost efficient due to the reduced material consumption. Much of
the success of the duplex grades is due to the argon oxygen decarbuarisation process
and use of nitrogen as an alloying element which has substantially increased the
weldability [4]. On the market there is a broad portfolio of duplex grades, ranging
from the lower alloyed lean grades typically designed for infrastructure or structural
applications, to the super and hyper duplex grades designed for highly corrosive
environments (e.g. sea water or chemical industry). Another example of a niche-
product is the CrMnN austenitic stainless steels that are typically used in oil-field
and drilling applications [5]. This requires a material that is very tough, has high
corrosion resistance, and is strictly non-magnetic since it otherwise could disturb
equipment that is used to monitor the operation.

These more advanced stainless steels have the drawback that they often involve
rather complex precipitation behaviour, which puts demand on correct handling for
producers, fabricators and end-users. The duplex stainless steels are sensitive to
the formation of intermetallic phases and nitrides in the temperature range ∼700
to 1000 ◦C [3]. For the grade 25071 heat treating 3 min at 900 ◦C results in the
formation of ∼1% of σ-phase which significantly lowers the impact toughness [6].
The precipitation of σ can be avoided by applying a sufficient cooling rate through
the critical temperature region, however, a too fast cooling will result instead in
the precipitation of non-equilibrium nitrides. This is typically a problem after
welding, where the formation of nitrides is favoured by a coarse microstructure. In
welded structures the nitrides are further associated with the formation of secondary
austenite [7]. The secondary austenite can be depleted in nitrogen and chromium
and thus act as initiation sites for pitting corrosion attack [6]. Another precipitation
process is the low-temperature decomposition of ferrite, which embrittles ferritic
and duplex stainless steels when used at slightly elevated temperatures (∼250 to
500 ◦C) for prolonged periods of time. This limits their use in certain applications.

This thesis has focused on mainly two of the critical aspects for the duplex
stainless steels, namely the low-temperature decomposition of ferrite and the for-
mation of nitrides. The objective has been to study these precipitation processes
for commercial materials to better understand the consequences for the properties.
Both of these transformations are difficult to avoid in some situations, and it is
hence important to be able to control them.

The outline of the thesis is the following. Chapter 2 discusses the characterisa-
tion methods, mainly based on various electron microscopy techniques, that have
had a central role in the study of the micro- and nanostructures. Chapter 3 is dedi-
cated to the low-temperature decomposition of ferrite studied in Paper I. The main
objective was to quantify the nanostructure evolution and relate this to the change
in mechanical properties for a duplex stainless steel. Chapter 4 addresses nitride
formation, first for an austenitic CrMnN steel under isothermal conditions (Paper
II) where the precipitation dynamics and relations to toughness have been investi-

1Duplex stainless steel grades are often designated by referring to their amounts of chromium
and nickel, e.g. for grade 2507 this means that the alloy contains 25%Cr and 7%Ni.
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gated. This is followed by the non-equilibrium nitride formation in duplex stainless
steels and the relations to secondary austenite formation, which was studied in Pa-
pers III and IV. These papers have focused more on the precipitation behaviour
and details of this process, and to also understand the complex interactions that
can occur during processes with secondary exposure to heat, for example as in mul-
tipass welding. Chapter 5 describes the assessment of the high-temperature phase
equilibria using in situ neutron scattering for a series of duplex stainless steel grades
that was made in Paper V. These equilibria are important in several aspects, and
will influence the non-equilibrium nitride formation during cooling since they de-
termine the microstructure evolution at high temperature. Chapter 6 comments on
the appended papers, and concluding remarks are then made in the final chapter.





Chapter 2

Characterisation methods

A precipitation process always results in some changes in the micro- or nanos-
tructure of the material. To identify these changes can be challenging and several
techniques are often applied to gather the information that is needed. The frame-
work for the studies in this thesis has been different techniques based on electron
microscopy and they will be discussed to simplify reading of the following chapters.

2.1 Optical microscopy

The optical microscope is an important tool in the characterisation of materials
and is in many cases the first step of the analysis. It gives a good overview of the
microstructure that helps in identifying interesting areas, and it can also be used
for quality control during sample preparation for more advanced methods.

An image montage giving an overview the anisotropic microstructure of a duplex
stainless steel is given in Figure 2.1. The sample has been sectioned in different
directions relative to the rolling direction, and prepared by grinding, polishing and
finally chemical etching with V2A reagent to enhance the microstructure contrast.
After the etching the austenite phase appears brighter, while the ferrite phase is
slightly darker. The elongation of the austenite grains clearly shows the influence
of hot rolling on the microstructure.

Figure 2.2 shows the same material heat treated and quenched to form nitrides.
The nitrides are visible as dark mottled areas within the ferrite phase, and even if
the nitrides are not revealed in any detail, some observations can be made from the
overview. For example, we can see that the areas of nitrides are only present within
the interior of the ferrite grains, and that nitrides appears to be present mainly in
the larger grains. In Paper III image analysis based on optical microscopy was
applied in order to understand the influence of the microstructure on the precip-
itation behaviour for duplex stainless steels. However, the resolution limit of the
optical microscope is insufficient to study the nitrides in more detail and electron
microscopy techniques are needed.

5



6 CHAPTER 2. CHARACTERISATION METHODS

Figure 2.1. 3D visualization, based on optical microscopy, of the microstructure of
super duplex stainless steel grades 2507 in the as-delivered condition. The austenite
is the bright phase, and ferrite the darker phase. Each side is 210× 210 µm.

Figure 2.2. The super duplex stainless steel 2507 heat treated in dilatometer to
precipitate chromium nitrides (cooling 100 °C/s from 1250 °C) that are visible as
dark mottled areas within the ferrite phase.
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2.2 Electron microscopy

In electron microscopy an electron source is used for illumination. Electrons have a
shorter wavelength than light, and higher spatial resolutions can thus be achieved.
However, the major advantage is the number of different signals that are generated
when accelerated electrons interact with matter. These can be analysed to yield
detailed site specific information about the sample.

Scanning electron microscopy
In scanning electron microscopy (SEM) a focused beam is scanned across the sample
surface in a raster pattern to generate an image. At the sample the incident beam
gives rise to an interaction within a volume below the surface, and the technique
is thus based on the analysis of the near-surface region. This interaction volume
and the signals that are generated within it are schematically illustrated in Figure
2.3. The size of the volume is determined by the acceleration voltage, the spot size
and the electron density of the material. A higher acceleration voltage results in a
larger interaction volume (the voltage can typically be varied between 2 to 30 kV
depending on application).

Figure 2.3. The signals that are generated in the electron beam and sample in-
teraction in SEM (Electron-matter interactions by MyScope (CC BY-SA 2.5 AU),
http://www.ammrf.org.au/myscope/sem).
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The backscattered electrons (BE) and the secondary electrons (SE) are used
for imaging. An example of imaging in SEM is shown in Figure 2.4 where indi-
vidual nitrides within a ferrite grain can be differentiated using BE contrast. The
BE image contrast is generated from elastic scattering, which shows the nitride
particles in atomic number contrast. The nitrides consists of a large fraction of ni-
trogen, their BE intensity is lower due to the lower local electron density, and they
therefore appear less bright than the adjacent steel matrix. However, the BE inten-
sity is also influenced by the crystallographic orientation of the sample. In certain
crystallographic orientations, channels with low atomic densities are formed, and
in these channels the incident electrons penetrates deeper into the sample. This
influences the yield of BE electrons exiting the sample surface and grains of the
same phase but with different crystallographic orientations can therefore appear
in contrast. One example of this is shown in Figure 2.5. The BE contrast thus
consists of a combination of electron channelling and atomic number contrast since
both mechanisms influence backscattering. The backscattering is also utilized in
electron backscatter diffraction (EBSD) which will be discussed later.

Another important signal generated within the interaction volume is the charac-
teristic X-rays (see Figure 2.3). The energies of these emitted X-rays are character-
istic of the elements present within the interaction volume, and the local chemical
composition of the sample can be identified by recording their energy spectrum
using energy dispersive spectroscopy (EDS). In the EDS spectrum the elements
present can thus be identified, and the X-ray intensities can be used to perform
quantification of the elemental concentrations. In quantification the intensities are
compared to standard values and corrected for absorption and atomic interaction
through a numeric algorithm, and the calculated concentrations are thus an esti-
mation of the actual composition. For small objects the interaction volume, within
which the X-rays are generated, is often larger than the volume of the object itself,
and EDS in SEM will in such situations give quantitatively poor results (EDS has
therefore primarily been used in TEM to measure the composition of the nitrides).

The work in this thesis has been performed using a Jeol 7001F field-emission gun
microscope (FEG-SEM), equipped with a 80 mm2 X-Max EDS dector, and a nano
EBSD camera from Oxford Instruments. Sample preparation has been performed
by polishing in a colloidal silica solution using a vibratory polisher as the final step.
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Figure 2.4. Nitride particles within a ferrite grain (from the sample in Figure 2.2)
seen in atomic number contrast.

Figure 2.5. A duplex microstructure (from the sample previously shown in Figure
2.2) seen in channeling contrast.
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Transmission electron microscopy

Transmission electron microscopy (TEM) is a high resolution technique capable of
resolving the atomic structure of materials. This gives a possibility for very high
spatial resolution in imaging, and in chemical and structural analysis. The method
is based on the analysis of samples that are transparent to the electron beam. In
addition to the signals listed in Figure 2.3 there are thus transmitted and diffracted
beams. Imaging is done using the transmitted signals on a florescent screen or using
CCD cameras or STEM detectors.

Electron transparency requires samples that are very thin, for steel typically
around 100 nm depending on the acceleration voltage of the microscope. The prepa-
ration of samples has historically been regarded as tedious and difficult. However,
with the equipment available today the sample preparation is not necessarily more
difficult than for SEM and can often be done following a standard procedure. A
standard method is the thin foil technique in which the material is thinned by elec-
trolytic polishing in a twin-jet polisher. Both sides of a circular disc are polished
until a hole is formed. If successful, the edges of the hole are wedge-shaped and the
outer regions of these edges are thin enough for electron transparency. One diffi-
culty is that the area in a sample that can be analysed is often limited, compared to
in SEM. Other techniques for sample preparation are the extraction replica method,
or ion beam polishing.

TEM in this work has been performed using a JEOL JEM-2100F FEG 200 kV
microscope. The microscope can be operated in parallel or focused scanning beam
mode (STEM). In the former, the sample is illuminated with a parallel electron
beam. The advantages with this mode is the very high resolution, and the possibility
to image the back-focal plane of the objective lens, in which the diffraction pattern
is formed. The microscope can also be operated in STEM mode, in which the
electron beam is focused into a small electron probe. In this way chemical analyses
can be performed with high spatial resolution.

In TEM there are two complementary chemical analysis techniques, EDS (as
already discussed) and electron energy loss spectroscopy (EELS). In EDS analysis
in TEM the self-adsorption is negligible as long as the sample is thin, and there is
no need for the matrix corrections that are required in SEM. EELS is a technique
where the energy loss of transmitted electron are measured using a magnetic prism.
Inelastically scattered electron loses energy for example from inner shell ionization
events and the corresponding energy loss can thereby be used to identify the ele-
ments present. EELS is particularly sensitive to light elements and has a very high
energy resolution, and it is thus a complementary technique to EDS. Both EDS and
EELS are common to use in STEM-mode, since this gives a possibility for analyses
with high spatial resolution at the nanometre scale. Energy loss spectroscopy can
also be used in parallel beam mode to image transmitted electron with a certain
energy loss in order to produce elemental maps, this is referred to as energy filtered
imaging (EFTEM). The microscope used in the present work is equipped with a
windowless EDS detector and a Gatan image filter for EELS and EFTEM.
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2.3 Electron diffraction methods

Bragg diffraction occurs when a crystalline solid is exposed to radiation with wave-
lengths similar to its atomic plane spacings. The Bragg condition, 2d sin θ = nλ,
where d is the plane spacing, λ is the wavelength and θ is the angle, gives the
condition for coherent scattering. Bragg diffraction can thus be used to determine
crystal structure information about the sample by exposing it to radiation. Moving
particles such as accelerated electrons can, due to the particle-wave duality, also
be described as waves that will be diffracted by a crystalline solid. This is utilized
in several methods in electron microscopy to determine information related to the
crystal structure of the sample through the use of Bragg diffraction, and electron
diffraction methods are therefore powerful tools used in both SEM and TEM.

In TEM, diffraction occurs when the incident electron beam is transmitted
through the crystalline sample. Selected area electron diffraction (SAED) is a
technique, used in parallel beam mode, where an aperture is used to limit the il-
lumination to a specific area of the sample, from which the diffraction pattern can
be imaged. Since microscopes are equipped with the possibility to tilt and shift
the sample within the beam, it is a powerful method for identification of crystal
structure since the sample can be aligned so that the electron beam is parallel to
different crystallographic orientations. In different orientations, diffraction patterns
characteristic of the structure are formed, Cr2N with a trigonal crystal structure [8]
is shown in Figure 2.6. The spots corresponds to different crystal planes that fulfils
the Bragg conditions. The technique is very powerful but time consuming since
the sample has to be manually oriented into different crystal orientations. How-
ever, small objects can be analysed and SAED was needed to identify the crystal
structures of the nitride phases in Paper III.

In SEM some of the backscattered electrons exit the sample in Bragg condition.
This is utilized in electron backscatter diffraction (EBSD) in which the sample is
tilted 70◦ to increase the yield of backscattered electrons. An electron backscattered
diffraction pattern (Kikuchi pattern) is formed on the phosphor screen of the EBSD
camera, the pattern for face-centered austenite can be seen in Figure 2.7. The
bands correspond to different diffracting planes, and the Kikuchi pattern can thus
be solved to give the crystal structure and its orientation. The image scanning
enables acquisition of many data points from an area of interest and the data can be
represented in different types of maps. Several grains or particles can be measured
in a single data set and the method can thus give statistics in crystallographic
analyses.
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Figure 2.6. SAED pattern from trigonal Cr2N oriented so that [1̄10] is parallel to
the incident beam.

Figure 2.7. EBSD pattern from austenite acquired at 15 kV.
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An example of EBSD maps is shown in Figure 2.8 where the data has been
presented in two ways, the phase map showing the distribution of the respective
phases, and an orientation map showing the crystal orientations. The data in the
maps can also be used for further analyses. In this thesis, EBSD has been used
to identify deformation features in Paper I, analyse crystallographic orientation
relationships between different phases in Paper IV and map the phase distribution
after heat treatment at high temperatures in Paper V.

The spatial resolution of EBSD depends on several factors, but is typically de-
fined as the shortest step size (pixel size) in which different Kikuchi patterns can be
identified, and it can be extended down to around 20 nm. In transmission Kikuchi
diffraction (TKD) [9] the resolution can be further extended down to around 5 nm.
This technique is used in the same setup as EBSD, but with the difference that elec-
tron transparent samples (e.g. thin foils or extraction replicas for TEM) are used
and the transmitted signal is analysed. This technique was utilized in Paper IV
to investigate the crystallographic orientation relationships between two different
nitride phases, that were too small (and thin) to analyse with conventional EBSD.
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Figure 2.8. Examples of EBSD maps of a heat treated and quenched duplex
stainless steel sample. The phase map shows the distribution of the ferrite and
austenite, and the orientation map (inverse pole figure representation) shows the
crystal orientations.



Chapter 3

Phase separation

Phase separation is a precipitation process that differs in the sense that within
the spinodal there is no thermodynamic barrier and the transformation occurs
spontaneously. One phase is gradually decomposed into two phases without any
drastic change in the crystal structure, and the analysis of the developed structure
is rather challenging.

The duplex stainless steels are sensitive to aging embrittlement in certain tem-
perature ranges. This sensitivity is related to the phase separation of ferrite at low
temperatures. The transformation causes an increase in hardness which influences
the toughness in a negative way. The kinetics depends on the aging temperature
and alloying elements and in practice this limits the use of these materials in load-
bearing applications in which the material is subjected to elevated temperature
during service. The upper service temperature is therefore restricted in standards,
e.g. the super duplex grade 2507 is only approved for use up to 250 ◦C [10, 11, 12].

From an engineering perspective it is of interest to increase the upper service
temperature. The key to this is to understand the rate of property degradation as
a function of temperature, composition and microstructure. This must include an
understanding at several levels. First the influence of different alloying elements
on the kinetics of decomposition, and how the developing structure changes the
properties, e.g. a correlation between some parameters describing the decomposed
structure and the hardness of this phase. Modeling of spinodal decompositon with
the phase-field method is one approach in which the effects of different alloying
elements on the kinetics can be studied systematically through simulations [13].
There are studies where the kinetics and property changes of the ferrite have been
investigated [14, 15], however, the duplex steels are two phase materials in which
only the ferrite is directly influenced by the transformation (i.e. only about 50% of
the material). It is likely that in a fracture process the increased hardness in one
phase would influence the overall fracture behaviour. There are studies that have
correlated the rate of decomposition and property degradation of duplex stainless
steel [16, 17], however, the detailed relation between phase separation, hardening

15
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and fracture behaviour is still not fully understood. In view of this, phase separation
was studied in Paper I for the super duplex grade 2507 aged at 300 ◦C, with the
purpose of obtaining a more comprehensive understanding of the low-temperature
aging embrittlement and the structure-property relations. Related questions are:

• Can the nanostructure be quantified and related to the property degradation?

• How does the decomposition influence the fracture behaviour of duplex stain-
less steels?

A special focus was placed on the challenging quantification of this nanostruc-
ture, and a detailed evaluation of the fracture process. This will be discussed later
in this chapter, first the theory of spinodal decompostion will be briefly described.

3.1 Spinodal decomposition

For chromium-containing iron-based alloys the low-temperature aging embrittment
is historically referred to as the “475 °C embrittlement” since the kinetics was found
fastest around this temperature. Embrittlement will also occur at lower tempera-
tures, however, at considerably slower kinetics. In the iron-chromium binary there is
a miscibility gap below approximately 500 ◦C (see Figure 3.1), and it was recognized
by Williams and Paxton [18] that the phenomenon was related to immiscibility.

The problem was given a theoretical solution by Hillert [19] considering a ho-
mogeneous solution in a binary system with the composition xB where small com-
position variations were introduced. Hillert realized that within a miscibility gap
with a spinodal the composition variations leads to a decrease in the Gibbs free
energy when ∂2Gm/∂x

2
B < 0. This means that the homogeneous solution becomes

unstable (i.e. there is no energy barrier for nucleation) and the decomposition
occurs spontaneously through a diffusion process. The chemical spinodal is thus
defined by the curve ∂2Gm/∂x

2
B = 0 (the limit of stability), but within the spiondal

∂2Gm/∂x
2
B < 0 (see Figure 3.2). At the limit of stability the homogeneous solu-

tion will be stable to small concentration fluctuations but not to large, and in this
metastable region transformation will occur by nucleation and growth. If the lat-
tice parameter depends on the composition, a coherency strain energy is introduced,
and the homogeneous solution tends to be stabilized by the elastic energy. At the
stability limit the chemical spinodal will be displaced towards lower temperatures
in the presence of elastic stresses and this second curve is referred to as the coher-
ent spinodal. The chemical and coherent spinodal, and the metastable region are
schematically illustrated in Figure 3.2.
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Figure 3.1. The iron-chromium phase diagram, calculated with Thermo-Calc [20]
and the TCFE7 database [21], showing the α + α′ miscibility gap.

Figure 3.2. Schematic illustration showing the chemical and coherent spinodals,
and the metastable region.
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Hillert found that inside the spinodal there would be an extra contribution to
the free energy from large composition differences, and thus a tendency for large
differences in concentration to become more gradual. Considering this effect (the
gradient energy) the equilibrium concentration profile may be represented by a set
of periodic waves. The homogeneous solution will thus transform into a modulated
structure with alternating regions enriched in respective component. These con-
centration waves are defined by the composition amplitude (A) that describes the
composition difference between the regions, and the wavelength (λ) that represents
the periodicity (or domain size). For the equilibrium concentration profile there is
a critical value of the wavelength λc, where shorter wavelengths do not represent
equilibrium states. As the wavelength gets larger than λc the equilibrium amplitude
also gets larger, and the Gibbs energy decreases. The combination of amplitude
and wavelength thus represents a continuous set of metastable equilibrium states,
however, the maximum wavelength is λmax =

√
2λc and this wavelength grows

fastest.
Inside the chemical spinodal in the iron-chromium phase diagram ferrite will

decompose into a mixture of iron-rich α and chromium-rich α′ by spinodal de-
composition. In the metastable region the process is instead primarily through
nucleation and growth. In the iron-chromium system the spinodal lies somewhere
between 25 to 30 wt.%Cr at 500 °C [22, 13, 23]. Experimentally it can be difficult to
separate spinodal decomposition from nucleation and growth since both processes
are active in a transition region [13]. The commercial grades contain many alloy-
ing elements, further complicating the situation because, other possible reactions
at low temperatures also causing embrittlement. This includes the segregation of
interstitials [15], substitutional solute clustering [24, 25, 16] and G-phase formation
[26, 27].

3.2 Aging heat treatments

An inconvenient aspect when studying phase separation is the very long aging times
needed. The lower temperatures around 300 °C are most interesting from a practical
point of view since the material properties deteriorate at a slower rate, which is
more relevant for applications. It is also interesting to understand how materials
behave around the approved limit since it is of interest to expand the upper service
temperature. For the present work, plates of commercial grade 2507 was heat
treated in a laboratory furnace at 300 °C for different times. After heat treatment
the impact toughness and microhardness were tested, and the nanostructure was
characterised with atom probe tomography (APT) and TEM. Samples aged up to
12000 h (500 days) were included in Paper I.
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3.3 Nanostructure characterication

The decomposed ferrite is very challenging to characterize due to the very fine scale
and small variations in composition. The chromium fluctuations, can as already
discussed, be described by two parameters, namely the wavelength and the am-
plitude. The wavelength represents the periodicity of the composition waves e.g.
the distance between the center of adjacent α or α′ regions, while the amplitude
represents the difference in concentration of the chromium fluctuations.

In literature several methods have been applied in attemps to study this struc-
ture. Chandra and Schwartz [28] applied the Mössbauer effect to study spinodal
decomposition in aged iron-chromium alloys since the decomposition results in a
change of the magnetic state. However, this is a method that gives no direct
quantitative information about the wavelength or amplitude, and measurements
for duplex stainless steels becomes complicated by the fact that both the austenite
and α′ are paramagnetic [29].

TEM has the spatial resolution to resolve this structure, but the decomposition
of iron and chromium becomes very challenging by the fact that there is very
little difference in atomic size, and thus their atomic scattering factors are similar.
However, in EELS, iron and chromium are resolved, and in Paper I energy-filtered
imaging was used to map the chromium distribution of the decomposed structure.
An EFTEM chromium map showing the concentration fluctuations is shown in
Figure 3.3. The map shows the distribution of chromium but gives no quantitative
information about the amplitude. It can be seen, however, that the periodicity of
the chromium fluctuations is around 5 nm. This means that the domains must
be overlapping in the thickness direction, since samples are usually thicker, which
makes quantitative analysis in TEM very difficult, and the question is how this
overlap influences the apparent domain size.

These difficulties with quantitative analyses were discussed by Westraadt et
al. [30] for analysis of a Fe-36wt.%Cr-alloy aged at 500 °C using state of the art
STEM and EELS. The domain size and the composition amplitude were measured
for several aging times and compared with APT data. It was shown that the
measured domain size was not affected by the sample thickness. The measured
relative composition amplitude agreed reasonably well with the APT data, but the
obtained value was sensitive to both sample thickness and condition. It is clear that
the decomposed ferrite can be quantitatively characterized with TEM, however, the
analyses require efforts and there are uncertainties.
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Figure 3.3. EFTEM chromium map showing the fluctuations in concentration of
decomposed ferrite after aging grade 2507 for 12000 h at 300 °C.

The quantification of decomposition in Paper I was based on ATP instead of
TEM due to the difficulties mentioned. Heat maps of the chromium distribution
after different aging times are shown in Figure 3.4. Even with ATP it is very difficult
to see the evolution of the structure and interestingly the unaged sample does also
contain some sort of inhomogeneous distribution of chromium. The material, of
course, has some thermal history, but this is more likely the effect of clustering
above the miscibility gap during quenching [31]. No tendency for other clustering
reactions was seen, and it appears that the controlling mechanism in this case is
spinodal decomposition.

The decomposition was quantified using radial distribution functions (RDF),
which is a sensitive statistical method for evaluation of spinodal decomposition
[32]. In order to construct a RDF the radial concentration profile starting for each
individual chromium atom is calculated. The individual profiles are summed, and
due to the size of the data sets the resulting RDF will be the sum of millions of
concentration profiles. If chromium is enriched in some areas (i.e. the α′), the RDF
will show larger values at shorter distances since a majority of the summed profiles
then starts in these chromium-rich regions. The RDFs, seen in Figure 3.5, show a
small but gradual increase in decomposition with aging time.
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Figure 3.4. APT heat maps showing chromium distribution in the ferrite in the
as-delivered condition (unaged) and after different aging times at 300 °C for 2507.
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The wavelength and the amplitude can be estimated from the RDFs. In the
present case, the wavelength is approximately 4 nm, concluded from the observation
that the RDFs deviates from unity at distances shorter than about 1 nm, which
could be regarded as a rough estimate of λ/4. The amplitude was evaluated from
the RDF at zero distance (RDF0) assuming a sinusoidal concentration profile A =
C0
√

2 (RDF0 − 1), where A is the amplitude and C0 is the average composition (for
more details see Zhou et al. [32]). Using this approach an increase in chromium
amplitude with aging time could be detected. It increased from 7.9 at.%Cr after
3000 h to 9.2 at.%Cr after 12000 h, while the wavelength seemed to be constant with
aging time. This seems reasonable since theoretically one wavelength is expected
to grow fastest [19].

It should also be mentioned that an additional method for characterization of
decomposition is the small-angle neutron scattering (SANS) technique. A study
comparing results from TEM, APT and SANS was recently published by Xu et al.
[33]. The methods are shown to be complementary, however, SANS is interesting
in the sense that it is the only technique where the decomposition can be measured
in situ.

Figure 3.5. RDFs showing a gradual increase in the tendency for chromium clus-
tering (increasing degree of phase separation) for 2507 with aging time.
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3.4 Influence on mechanical properties

One of the main objectives in Paper I was to evaulate the aging effect on the
mechanical propeties and its relation to phase separation. The microhardness of
the ferrite and austenite as a function of aging time is shown in Figure 3.6a. As
expected, it can be seen that the hardness of the ferrite is clearly increasing with
aging, while the austenite seems unaffected. At the same time the impact toughness
is reduced to less than half of the as-delivered condition after the longest aging time
(see Figure 3.6b).

It should be noted that the toughness of duplex stainless steels is anisotropic
due to the hot rolling and it is thus important how the specimens are extracted.
The specimens were taken with the long side transverse to the rolling direction
and the notch was positioned in the plate through-thickness direction. This is the
“weakest” orientation of hot rolled duplex stainless steels. The toughness of the
ferrite is further dependent on the testing temperature, thus there is a ductile-to-
brittle transition also for the duplex stainless steels [34]. However, it seems that
decomposition reduces the influence of testing temperature on the toughness [16].

Since the decomposition amplitude was quantified using APT, it could directly
be compared to the ferrite hardness (see Figure 3.6c). It can be seen that for the
aged samples there appears to be a direct relation between the chromium amplitude
and hardening. Similar trends have been observed by Brown and Smith [35], Danoix
et al. [27] and Pareige et al. [17]. It can further be seen that there is a correlation
between the ferrite hardness and the impact energy (see Figure 3.6d) which will be
discussed more in detail later.
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Figure 3.6. Mechanical properties of the 2507 aged at 300 °C. (a) Microhardness
(hv0.005) in respective phase as a function of aging time, and (b) the corresponding
response on the impact toughness (half-sized Charpy V specimens tested at ambient
temperature); (c) the measured correlation between ferrite hardness and decomposi-
tion amplitude, and (d) the correlation between impact energy and ferrite hardness.
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Figure 3.7. SEM images of the fracture surfaces after impact testing (at ambient
temperature) of unaged (as-delivered) and after aging at 300 °C. It can be seen
that aging promotes the formation of large delamination cracks extending in the
perpendicular direction.

The fracture surfaces were investigated to see if there was any change in the
fracture behaviour (see Figure 3.7). The as-delivered condition showed a more duc-
tile behaviour, and large areas with dimples were observed on the fracture surface.
In the aged samples large delamination cracks are seen, and the size of the cracks
seemed to increase with aging. It was observed that the fracture surfaces consisted
to a large degree of flat areas with brittle features and characteristics of deformation
twinning (see Figure 3.8). The crack cross-section was analysed with EBSD and
this revealed that the delamination cracks had travelled transgranular in the ferrite
phase along the direction of the elongation of the microstructure (see Figure 3.9).
In the orientation coloured map it can be seen that the crack partially follows the
deformation twin interfaces. It is clear that these cracks are the result of cleavage
failure, and there is thus a transition in the fracture mode towards quasi-cleavage
with aging.

The fracture behaviour can be related to the local deformation mode of the
ferrite. It is known that the hardening of ferrite due to spinodal decomposition
is the result of a reduced dislocation mobility in the inhomogeneous decomposed
structure. This causes a transition in the local deformation mode towards twin-
ning which normally requires a higher stress than for slip in a body-centered cubic
structure [15, 36, 37]. This is consistent with the observation that deformation
twinning was promoted by aging. Furthermore, the delamination cracks indicates
that failure is controlled by cleavage fracture after aging. The relation between
the ferrite hardness and impact energy seen in Figure 3.6d is hence presumably
due to a dependence of the ferrite yield stress on the cleavage fracture initiation.
The growing composition gradients increase the ferrite yield stress (detected as an
increase of the hardness), this reduces the toughness since the cleavage fracture
initiation is promoted at the higher stress level.
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Figure 3.8. SEM image showing the surface of a delamination crack (sample aged
12000 h). The flat appearance is characteristic for brittle fracture and the small
cleavage tongues are the result of deformation twinning.
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Figure 3.9. EBSD phase and inverse pole figure coloured orientation maps of
the cross-section of a delamination crack after 12000 h of aging. The inset shows
deformation twinning in the ferrite phase. Note that the crack is a montage of
analyses on opposing sides since the actual crack is wider (and did not fit in one
field of view).





Chapter 4

Nitride precipitation

Nitrogen is an important alloying element in stainless steels. It is a strong austen-
ite stabilizer, and it has beneficial effects on the mechanical properties and on the
corrosion resistance. The enhanced mechanical properties are mainly due to the
increased strength [38] and work hardening [39] of the austenite phase where most
of the nitrogen is located in the duplex stainless steels (since it is an austenite
stabilizer). It also enhances the pitting corrosion resistance of the austenite phase
in chloride-containing environments [40, 41], especially when present with molyb-
denum [40]. For the duplex stainless steels the weldability is significantly improved
by increased alloying with nitrogen [42, 43, 44] since it improves austenite trans-
formation in the heat-affected zone (HAZ) of the weld. However, it also increases
the risk for precipitation of nitrides, and chromium nitrides in particular.

Two different types of nitride precipitation processes will be discussed. In Figure
4.1a isothermal heat treatment at 700 ◦C has resulted in precipitation of Cr2N in
the grain boundary of an austenitic CrMnN stainless steel (studied in Paper II).
This is a nucleation and growth process, where the nitride particles form after a
certain incubation time given that they are thermodynamically stable. In Figure
4.1b non-equilibrium nitride precipitation in a duplex stainless steel (studied in
Papers III and IV) is shown. This process is different since it is a result of ferrite
and austenite interaction that can lead to nitrogen supersaturation in the ferrite
upon rapid cooling from high temperature. The nitrogen solubility in ferrite is low
but increases with temperature. During cooling nitrogen diffuses into the growing
austenite. Often it can be seen that nitrides are concentrated to the centre of
the grain where the nitrogen level remained the highest due to insufficient time for
diffusion of nitrogen to the austenite during cooling. These non-equilibrium nitrides
are also referred to as quenched-in nitrides since they are confined within the ferrite
grains upon quenching. This is a potential problem during welding where it can be
difficult to avoid nitride formation due to the coarse ferrite grain size and relatively
high cooling rate.

29
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Figure 4.1. SEM BE images showing two different nitride precipitation processes:
(a) grain boundary precipitation in an austenitic CrMnN stainless steel during heat
treatment 18 min at 700 ◦C; and (b) non-equilibrium nitride precipitation in the
interior of the ferrite grains of a duplex stainless steel after quenching 100 ◦C/s from
1250 ◦C.
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4.1 Isothermal precipitation

The isothermal nitride precipitation behaviour of a CrMnN austenitic stainless steel
was studied in Paper II. The aim was to investigate the precipitation dynamics and
its influence on toughness. A special focus was on the early stages of precipitation,
that could be relevant for slow cooling after a heat treatment, where nitrides are
present but the toughness is still at acceptable levels.

For the high-nitrogen austenitic stainless steels nitride formation, as already
shown in Figure 4.1a, involve nucleation of Cr2N on grain boundaries [45]. It should
be noted, however, that the precipitation can during a prolonged aging develop into
cellular and intragranular precipitation [45, 46]. The cellular precipitation of Cr2N
deteriorates the tensile properties [45], but this lacks practical importance due to
the relatively long formation times.

In this work heat treatments were performed at 700 and 800 ◦C, and the impact
toughness as a function of aging time is shown in Figure 4.2a. It can be seen that
the toughness is initially higher after short times at 800 ◦C, but at 700 ◦C there is
no direct influence of aging time. The nitride precipitates were characterized with
electron microscopy and the corresponding dynamics of Cr2N was simulated using
the software TC-PRISMA[47].

A simulated time-temperature-transformation (TTT) diagram for the present
steel is shown in Figure 4.2b. It can be seen that the incubation time for Cr2N
precipitation is a minimum at 700 ◦C, which is interesting considering the observed
influence on toughness. The toughness was at a lower level compared to than ini-
tially at 800 ◦C, but there was no observable influence of aging time. A longer
incubation time but a higher growth rate could explain why the toughness degra-
dation is more gradual at 800 ◦C. In the microstructure it was observed that the
nitride size increases more rapidly at 800 ◦C compared to at 700 ◦C where a higher
density of small particles were seen that did not noticeable evolve in size.

The precipitation dynamics thus seems to influence the toughness degradation
and the increase in nitride size at 800 ◦C appears to have a larger effect compared
to the the higher density of fine particles formed at 700 ◦C.
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Figure 4.2. (a) the impact toughness as a function of aging time at 700 and 800 ◦C,
and (b) simulated TTT diagrams for Cr2N for the austenitic CrMnN stainless steel
in Paper II.
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4.2 Non-equilibrium precipitation

As already mentioned, for the duplex stainless steels the interactions between the
ferrite and austenite, or more precisely the partitioning of nitrogen between these
phases, gives rise to a sensitivity for precipitation of non-equilibrium nitrides upon
fast cooling from high temperatures. This has been studied for the super duplex
grade 2507 in Papers III and IV. Some of the related questions are:

• What it the precipitation behaviour?

• How can the nitrides be characterised?

• Can precipitation be quantified?

• How does precipitation influence the properties?

It should be mentioned that nitrides can also form during isothermal heat treat-
ments of these steels similar to the situation described for the austenitic stainless
steel in the previous section. In that case the nitrides are typically referred to as
equilibrium nitrides, and are found in the ferrite sub-boundaries, or the ferrite-
austenite phase boundaries [48, 49]. However, this process has not been the focus
of the present work since the equilibrium nitrides are normally avoided at cooling
rates of technical relevance.

4.2.1 Dilatometer heat treatments
The precipitation is expected to be influenced by heat treatment temperature and
cooling rate. Heat treatments were therefore performed using a dilatometer (Bähr
805 AD) to be able to control the cooling rate (helium gas was used as the cooling
medium). Cylindrical specimens φ4×8mm of 2507 were used in both Paper III and
IV, but the heat treatments had different purposes. In Paper III the objective was
to study the influence of cooling rate and microstructure on precipitation and an
intermediate temperature (1250 ◦C) was chosen to retain the banded microstructure
found in the as-delivered material. The cooling rates were then varied between 100
to 20 ◦C/s to form nitrides. In Paper IV the details of the precipitation process
were the main interest and the heating cycle was therefore chosen to favour nitride
formation i.e. a high starting temperature (1350 ◦C) and a higher cooling rate
(close to 300 ◦C/s).
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4.2.2 Precipitation behaviour

The precipitation behaviour can be viewed at two levels. In the microstructure
there is a size distribution of the austenite spacing. Depending on the spacing and
cooling rate, not all ferrite grains will be supersaturated and nitrides are there-
fore normally not formed in all ferrite grains. The number of nitride-containing
grains (the nitride-containing ferrite fraction) can be measured. Within the sep-
arate grains, nitrides are formed in high-densities and their phase and sizes can
be characterized with high-resolution methods. In Paper III characterisation was
performed with OM, SEM and TEM to capture details at different length scales
and give a broad understanding of the precipitation behaviour.

Figure 4.3 shows the influence of different cooling rates on the nitride-containing
ferrite fraction. At a lower cooling rate (20 ◦C/s) there are fewer nitride-containing
ferrite grains, and it can be seen that nitride are only visible in the largest grains
(Figure 4.3a). For a faster cooling (100 ◦C/s) nitride are visible within a larger
fraction of the ferrite grains (Figure 4.3b). It was shown in Papers II that the
width of nitride-containing ferrite grains decreased with increasing cooling rate.
The nitride-containing ferrite fraction was hence increased because precipitation
occurred in more of the ferrite grains.

The individual nitride particles can be studied with TEM. The phase that is
commonly reported in literature is the rod-shaped Cr2N, see e.g. [6, 50, 49]. From
thermodynamic calculations, this is typically the stable nitride in these alloy sys-
tems, also for the studied 2507 composition. In Paper III the size distribution of
the Cr2N particles was determined for three different cooling rates (see Figure 4.4).
It shows that faster cooling results in larger nitride sizes.

In some studies of duplex stainless steels a second nitride phase, the face-
centered CrN has been identified [51, 52]. The Cr2N and CrN were found in-
tertwined in clusters and Jargelius-Pettersson et al. [51] suggested that the CrN
formed as a result of a high thermodynamic driving force in combination with an
expected lower energy barrier for nucleation due to only a limited lattice misfit in
certain crystallographic planes . In contrast, Liao [52] argued that CrN forms as a
result of chromium depletion adjacent the Cr2N particles. There are thus are thus
different views on which of the two phases are formed first, which is of interest for
the understanding of the precipitation process. Interestingly the CrN phase was
found in the sample with the highest cooling rate, and the nitride morphology in
this sample can be seen in Figure 4.5. The face-centered CrN is present mixed with
rod-shaped particles of trigonal Cr2N as reported in the previous studies. This
process was further investigated in Paper IV and will be discussed in the next
section.

The precipitation behaviour is thus influenced by the nitrogen activity that is
in turn influenced by the cooling rate and the ferrite grain size. A coarse ferritic
structure will slow nitrogen depletion from the grain interiors and thus more easily
result in nitrogen supersaturation during quenching. The ferrite grain growth is
hindered by the austenite phase and the high-temperature phase equilibria of these
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Figure 4.3. OM images showing the occurrence of nitrides in 2507 after heat
treatment 10 s at 1250 ◦C and cooling (a) 20 ◦C/s and (b) 100 ◦C/s. The austenite
is the bright phase, the ferrite the darker phase, and the nitrides are visible as dark
mottled areas within the ferrite.

steels is therefore an important property to consider, especially during welding
when the material is heated to such high temperatures. The high-temperature
phase equilibria has therefore been studied experimentally for a series of duplex
grades in Paper V, and this will be discussed in the next chapter.
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Figure 4.4. The measured particle size distribution after cooling 20, 50 and
100 ◦C/s from 1250 ◦C.



4.2. NON-EQUILIBRIUM PRECIPITATION 37

Figure 4.5. STEM image showing the nitride morphology, consisting of a mixture
of CrN and Cr2N, after cooling 100 ◦C/s from 1250 ◦C. The distribution of the
phases is more easily seen in the the chromium and nitrogen EDS X-ray intensity
maps. Sample preparation was by the carbon extraction replica method.
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4.2.3 Nucleation aspects
The observation of CrN formation lead to the hypothesis that it, in this case,
is a metastable phase that depends on the nitrogen activity. In Paper IV the
heat treatment was therefore modified to increase the nitrogen supersaturation (as
described previously in section 4.2.1). This resulted in a nitride morphology that
consisted primarily of CrN, and that appeared to contain growing Cr2N particles
(see Figure 4.6). The crystallography of these nitride clusters was studied to better
understand the precipitation process. The crystallographic orientation relationship
between CrN and Cr2N was investigated using TKD with extraction replicas, and
it was established that there is a crystallographic relation between these phases (see
Figure 4.7).

The quenched sample was then further reheated short times at 900 ◦C (up to
1 min). If the CrN is a metastable phase, it could then be expected to transform
during this subsequent heat treatment. It was found that CrN was not present
after the reheating, the Cr2N particles had developed a more apparent rod-shape
and there was also a clear orientation relationship with the ferrite matrix that was
confirmed using EBSD. Cr2N variants of the orientation relationship with the ferrite
was paired with Cr2N variants of the CrN orientation relationship. It thus appears
that Cr2N nucleated at existing CrN particles, and that the rod-shape developed
depending on favoured growth directions in the ferrite.

When a quenched sample is heat treated, secondary austenite is typically formed
by growth of existing austenite grains, and by intragranular precipitation within the
ferrite grains. Ramirez et al. [50] have proposed a mechanism where Cr2N nitrides
act as nucleation sites for the intragranular secondary austenite, but experimental
evidence was limited. In Paper IV this phenomenon was confirmed experimentally
and it was possible to measure the crystallographic orientation relationship between
the intragranular austenite and the nitrides. It was shown that it is similar to the
orientation relationship between Cr2N and CrN. One example of austenite nucle-
ation on nitrides is shown in Figure 4.8, where two clusters of austenite particles
grow from nitrides. The secondary austenite nucleates at the Cr2N particles, and
then grows with the Kurdjumov-Sachs orientation relationship [53] to the ferrite.



4.2. NON-EQUILIBRIUM PRECIPITATION 39

Figure 4.6. STEM image showing the nitride morphologies, consisting of mixtures
of CrN and Cr2N, after cooling 100 ◦C/s from 1250 ◦C. The sample preparation by
the thin foil method.
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Figure 4.7. TKD analysis of clusters of CrN and Cr2N, after cooling 300 ◦C/s
from 1350 ◦C. The pole figure shows the measured (filled circles) and calculated
orientations of Cr2N based on the idealized orientation relationship (open symbols).
Sample was prepared by the carbon extraction replica method.

Figure 4.8. EBSD phase map showing two secondary austenite (blue) clusters
that have nucleated at Cr2N particles (green) within the interior of a ferrite grain
(red). The pole figure shows the measured austenite orientation for particles A1-A3
(filled symbols) compared with the calculated orientation (open red symbols) and
the relations to the Kurdjumov-Sachs orientation relationship, (111)γ ‖ (110)α and[
110
]

γ
‖
[
111
]

α
, obtained as the austenite grows into the ferrite.
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4.2.4 Influence on properties
The influence of the non-equilibrium nitrides on the properties is not yet understood
in detail. The general opinion is that the nitrides are not directly detrimental to
the properties, but there is some influence, especially in duplex stainles steel welds
[54, 55].

In Paper III the pitting resistance and impact toughness was tested for heat
treated and water quenched samples. There was some influence on the properties.
However, the samples contained large amounts of nitrides, but the impact toughness
and pitting corrosion resistance were still at acceptable levels. There are many fac-
tors that can vary, e.g. amount of nitride-containing ferrite, the austenite fraction,
the nitride particle size and morphology. This makes it rather difficult to isolate
and predict how the precipitates influences the properties. It is obvious that the
nitrides themselves are very corrosion resistant, due to the high levels of chromium
and nitrogen. However, they will lower the chromium level of the adjacent ferrite,
and also influence the austenite transformation that is controlled by the diffusion
of nitrogen.

In Paper III some attempts were made to discuss chromium depletion. DIC-
TRA simulations [20] were performed to show that larger particles (as a result of
nitride formation on faster cooling) resulted in a higher chromium depletion adja-
cent the Cr2N particles in the ferrite matrix. However, the nitrides are formed in
dense clusters, so a simulation of growth of a single particle will not provide a full
assessment of the situation.

To complicate things, the reheating treatments in Paper IV illustrated that
nitrides formed upon quenching will transform or coarsen when subjected to an
additional short heat treatment. This means that, in welds where several passes
are made, the heat flow could influence the precipitates. It is possible that nitrides
that are not at first detrimental, could be sensitized and become more harmful.





Chapter 5

High-temperature phase equilibria

The duplex stainless steels are designed to solidify in a fully ferritic mode, with
subsequent formation of austenite in the solid state. This produces a more ho-
mogeneous, less segregated microstructure as compared to the situation in which
austenite froms from the final melt. Thermodynamically this implies that the phase
diagram should have a ferritic single-phase region below the solidus temperature.
It should thus be possible to heat treat a duplex microstructure so that it returns
to its fully ferritic state by a complete dissolution of the austenite phase. The
high-temperature equilibria are thus important from a manufacturing perspective,
but also from a fabrication perspective since the material will be subjected to high
temperatures during welding.

In the literature, however, the existance of a ferritic single-phase region has been
an issue for discussion. Hertzman et al. [43] identified the temperature needed to
obtain a ferritic structure in three commercial duplex stainless steel grades (2304,
2205 and 2507) by heat treatments and water quenching. The holding time at peak
temperature was up to 30 s, and the temperatures needed to ferritize the materials
were determined to 1340-1345 ◦C, 1345-1350 ◦C and 1380-1385 ◦C for 2304, 2205
and 2507 respectively. In contrast, Ramirez et al. [50] reported that out of five
duplex stainless steels only the lowest alloyed 2304 could be ferritized while e.g. 2205
and 2507 still contained austenite after heat treatment up to 10 min at 1385 ◦C, and
were thus not considered possible to ferritize. Likely explanations for this confused
situation are that extensive austenite formation inevitably occurs in the solid state
during cooling, even if a fast cooling rate is used. The experimental assessments rely
on post-experimental metallographic evaluations of the complex microstructures
formed during quenching, and are hence open to different interpretations.

Calculations with the TCFE7 database [21] (the current version at the time of
planning the work), in general predict a hypoeutectic solidification of these alloys
in which both ferrite and austenite forms from the melt. There are exceptions, e.g.
grade 2304 is predicted to be fully ferritic before formation of austenite. This raises
some questions:
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• Is there a high-temperature ferritic single-phase region for the duplex stainless
steels?

• How does the austenite stability change in different grades?

• What precision could be expected from databases in this case?

The high-temperature phase equilibria were therefore investigated for four du-
plex grades with varying levels of alloying elements using in situ neutron diffraction
in Paper V. The grades 2304, 2101, 2507 and 3207 were chosen. The work was a
part of a systematic study on the database precision for the duplex stainless steels
and the anticipated outcome was more reliable data in the high-temperature re-
gion. Such data would give a better understanding of the database precision, and
could motivate new assessments if found necessary. A database revision is, however,
beyond the scope of this work but has been running in a parallel project. In the
database TCFE9 the high-temperature phase equilibria are now more consistent
with experimental observations for the grades mentioned above.
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5.1 In situ neutron scattering measurements

The use of synchrotron high-energy X-ray diffraction or neutron scattering makes
it possible to measure transformations at high temperatures and can thus provide
unique insight into the high-temperature equilibria of these steels. The benefits with
the use of a neutron source is the possibility of a very large analysed volume, which
makes the measurements less sensitive to potential nitrogen degassing in the sample
surface. It is also compatible with the potentially very coarse microstructures
developed during heat treatment at such high temperatures, and thus gives a good
representation of the behaviour of the material.

The in situ measurments were performed at the Bragg-Institute (Lucas Heights,
Sydney) using the instrument WOMBAT [56]. WOMBAT is a high speed powder
diffractometer that is optimized for intensity, and is therefore suitable for in situ
experiments. An overview of the instrument is shown in Figure 5.1. The instru-
ment uses a vertically focusing crystal monochromator, and a germanium (115)
monochromator was used in the present case. The detector is a monolithic curved
area detector covering a continuous 2θ range of 120° by 200 mm in height. Unwanted
signals from equipment used at the sample stage are removed using a collimator.
With this setup, data for phase analysis can be collected in one single acquisition
step and phase transformations can be observed in real time even for complicated
experimental conditions such as in the present case.

Figure 5.1. Overview of the WOMBAT high intensity powder diffractometer at
Lucas Heights in Sydney.
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The phase equilibria of the grades 2304, 2101, 2507 and 3207 was investigated
by observing the ferrite and austenite peaks while heating up to maximum 1430 ◦C
at a rate of 4 ◦C/min. Diffraction data was recorded as a function of temperature
(10 s acquisition time) during the heating as shown for grade 2507 in Figure 5.2.
The resulting pattern is a mixture of the steel peaks, and peaks from the alumina
sample holder. However, there are several separate peaks from each phase that can
be analysed to reveal the phase equilibria. Austenitic peaks {200}, {220} and {311}
are well separated and it can be seen that they vanishes at a certain temperature
during heating, while the ferritic peaks {200}, {211} and {220} still are present.
This characteristic behaviour was seen for all investigated grades, and the austenite
dissolution temperature was estimated by applying Pseudo-Voigt profiles to the
austenite peaks and then summing the intensities (see Figure 5.3). The austenite
was dissolved in all grades and the stability (dissolution temperature) is clearly a
result of the alloying level, since the highest alloyed grade 3207 possessed the most
stable austenite.

Figure 5.2. In situ neutron scattering data acquired while heating grade 2507 to
1430 ◦C at a rate of 4 ◦C/min. Unlabelled peaks belongs to the alumina sample
holder, or are overlapped with the alumina peaks.
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Figure 5.3. The austenite intensity as a function of temperature for the grades
2304, 2101, 2507 and 3207. The estimated austenite dissolution temperatures are
1340 ◦C (2304), 1345 ◦C (2101), 1375 ◦C (2507) and 1385 ◦C (3207).
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5.2 Microstructure evolution

The phase equilibria are expected to have a significant influence on the microstruc-
ture evolution during heat treatment, or more precisely the ferrite grain size, de-
pending on whether the austenite dissolves or not. Isothermal heat treatments were
therefore performed as a validation of the in situ measurements, and the resulting
microstructures were analysed with EBSD. Figure 5.4 shows the microstructures
for a series of heat treatments at temperatures below and above the austenite dis-
solution temperature. It should be noted that the microstructures contains two
types of austenite that should not be confused, namely the undissolved austenite
which is present as longitudal lamellae, and Widmanstätten and grain boundary
allotriomorphs formed upon queching. It can be seen that the ferrite grain size is
somewhat restricted as long as the austenite is present, but that it becomes very
coarse as the austenite is dissolved. The grade 3207 behaves differently and seemed
more resistant to grain growth. The furnace heat treated samples of 3207 where
austenite had dissolved also contained signs of incipient melting, and it appears
that the ferritic region could be very narrow in this grade. Overall the austen-
ite dissolution temperatures measured in situ correspond relatively well with the
isothermal heat treatment observations.

Hertzman and Charles [44] pointed out that by increasing nitrogen it is possible
to control the coarsening of ferritic grains in the HAZ (which is often the critical
part of the weld). The influence on the microstructure evolution seen here further
illustrates how the austenite stability can affect the quality of welds. As pointed out
in Paper III, it is important to restrict the grain size in order to limit the precipita-
tion of non-equilibrium chromium nitrides during cooling. A low austenite stability
in combination with a high heat input will result in a coarse ferritic structure that
will favour non-equilibrium nitride formation during cooling. If the fully ferritic
temperature range is narrowed the material can be expected to be less sensitive
to over-temperature during welding since the temperature interval for ferrite grain
growth will be reduced.
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Figure 5.4. EBSD phase maps showing the influence of austenite dissolution on the
microstructure in a series of heat treatment temperatures (30 min, plus quenching
in brine) for the duplex grades 2304, 2101, 2507 and 3207. The austenite is shown
in red, and the ferrite in blue.





Chapter 6

Comments on appended papers

I: Nanostructure evolution and mechanical property changes during
aging of a super duplex stainless steel at 300 ◦C
This paper evaluates the effect of phase separation on the mechanical properties
during aging up to 12000 h at 300 ◦C for the super duplex stainless steel grade 2507.
The nanostructure is characterised by TEM and APT. The hardness and impact
toughness is evaluated at different aging times and compared to the evolution of the
nanostructure. The fracture behaviour is evaluated by fractography using SEM and
EBSD. I did the microhardness measurements, the TEM work, the fractography
studies, and wrote the majority of the paper.

II: Experimental and computational study of nitride precipitation in a
CrMnN austenitic stainless steel
In this paper the precipitation dynamics of Cr2N during isothermal heat treatments
of an austenitic CrMnN stainless steel is studied with special focus on the early
stages of precipitation. The impact toughness is evaluated as a function of time for
isothermal heat treatments at 700 and 800 ◦C. The precipitation is characterised by
SEM and TEM, and precipitation simulations using TC-PRISMA are performed to
obtain a broader view of the precipitation dynamics. I performed the TC-PRISMA
simulations, did the microstructure characterisation using SEM and TEM, and
wrote the majority of the paper.
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III: Precipitation of chromium nitrides in the super duplex stainless
steel 2507
In this paper the precipitation behaviour of non-equilibrium nitrides during cooling
of the super duplex stainless steels grade 2507 is studied. Dilatometer heat treat-
ments are performed to see the effects of a certain cooling rate. Characterisation is
made at different levels of the microstructure using optical and electron microscopy.
(SEM and TEM). The corrosion resistance and impact toughness is evaluated for
larger specimens that were heat treated and water-quenched. Thermodynamic cal-
culations and diffusion simulations are performed to better understand the precip-
itation behaviour, and the influence on the properties. I did the dilatometer heat
treatments, performed all microstructure characterisation, Thermo-Calc calcula-
tions, DICTRA simulations, and wrote the paper.

IV: Nitride morphology and formation of intragranular austenite in a
quenched and reheated super duplex stainless steel
The precipitation process of non-equilibrium nitrides is studied more in detail,
including the effect of an additional short heat treatment on an already nitride-
containing microstructure. The heat treatments are performed using dilatometer,
and the resulting micro- and nanostructures are characterised using TEM and SEM.
Crystallographic relations of the precipitates are analysed from EBSD and TKD
electron diffraction data. The crystallographic toolbox MTEX is used to com-
pare experimental data to idealized crystallographic relations. I performed the
dilatometer heat treatments, the TEM work, the SEM and EBSD (apart from the
TKD measurements), evaluated the electron diffraction data and crystallographic
relations (but had help with the MTEX-coding and interpretation) performed the
Thermo-Calc calculations and wrote the paper.

V: High-temperature phase equilibria of duplex stainless steels assessed
with a novel in situ neutron scattering approach
The high-temperature phase equilibria of a range of duplex stainless steels with
varying amount of alloying elements is evaluated with in situ neutron scattering.
The results are compared to thermodynamic calculations, and the influence of phase
equilibria of the microstructure evolution is shown via EBSD analyses of isother-
mally heat treated samples. I performed the neutron scattering measurements
(after a main setup by the instrument scientist), performed all data analysis, did
the Thermo-Calc calculations, parts of the furnace heat treatments but all of the
EBSD analyse, and wrote the paper.



Chapter 7

Concluding remarks

This thesis has addressed precipitation processes that can occur during fabrication
or end-use of duplex stainless steels in certain applications. It is not always feasible
to avoid undesired precipitation reactions depending on the compromise between
inherent thermodynamic properties or kinetics and required processing operations
or service conditions. However, the ambition should be a level of understanding
between the structure, processing and properties that permits optimum use of the
material. This should include a good understanding of the precipitation processes
and their consequences. Progress have been made in this respect.

A key to increase the service temperature of duplex stainless steels is to have
a better control of the property degradation caused by phase separation. At the
moment, one of the limitations is the ability to make lifetime predictions. In the
present thesis it has been demonstrated that the evolution of fine nanostructure
in early stages of phase separation can be quantified and related to the changes in
properties. The relations observed between composition amplitude and hardening,
and between hardening and toughness for aged samples is promising in terms of
modelling of the structure-property relations. Combined with simulations of the
structure evolution, for example by phase-field modelling, such structure-property
relations could be used to better predict the property degradation as a function of
aging time. However, a more systematic study relating the nanostructure evolu-
tion to mechanical properties for more grades and aging temperatures is needed.
Toughness seems mainly controlled by cleavage of the ferrite, but since the cracks
are deflected along the direction of the elongation of the microstructure it would be
interesting to evaluate the effect of the austenite spacing on the cleavage fracture
initiation.

The non-equilibrium chromium nitride formation can potentially be a problem
in duplex stainless steel welds. As demonstrated in this thesis the nitrides are
difficult to quantify but acceptable properties seem possible even for microstruc-
tures containing large amounts of nitrides. The influence on properties therefore
seems ambiguous and the uncertainty induced by this unclear structure-property
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relation is a problem. A better understanding of non-equilibrium nitride precipi-
tation is needed and the work in this thesis has revealed important aspects of the
precipitation process.

When cooling from a high temperature there is a relation between the cooling
rate and the width of the ferrite grains in which nitrides are formed. Faster cooling
results in nitrides in more of the ferrite grains and larger nitride particles, and a
coarser microstructure is more prone to nitride formation. This implies that a rapid
cooling should be avoided, but that it should be possible to estimate a cooling rate
depending on the austenite spacing of the material (or the ferritic grain size in
welds) for which non-equilibrium nitride formation is limited.

New observations regarding the early stages of precipitation have been made.
It appears that formation of metastable CrN acts as a dynamic step that aids
the nucleation of Cr2N in the supersaturated ferrite. The Cr2N was observed to
nucleate at existing CrN particles, and after a short subsequent heat treatment at
900 ◦C the CrN seemed dissolved in favour for the Cr2N.

The short heat treatments of nitride-contaning microstructures illustrates how
complex precipitation process can be in fabrication processes. Exposure to sec-
ondary heating during, for example, multipass welding can result in coarsening of
the nitrides followed by the nucleation of intragranular secondary austenite at exist-
ing nitrides at slightly longer times. This means that if nitrides are formed during
cooling, there will also be a risk for intragranular secondary austenite formation if
the material is subsequently heated to a critical temperature.

The high-temperature phase equilibria have been evaluated for a series of duplex
grades by in situ neutron scattering showing that, despite the discussion in the
literature, there is a ferritic single-phase region of varying extent depending on the
content of the alloying elements. The high-temperature phase equilibria predicted
by the database TCFE7 are not correct for the studied steels. As a next step it
would be interesting to see if the precision of the databases can be increased to
include this thermodynamic property. This is at the moment ongoing work, and
the TCFE9 database seems more promising in this respect compared to previous
versions.
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