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Abstract 

Stainless steels are very important engineering materials in a variety of applications such as in 

the food industry and nuclear power plants due to their combination of good mechanical 

properties and high corrosion resistance. However, ferrite-containing stainless steels are 

sensitive to the so-called ‘475°C embrittlement’, which is induced by phase separation of the 

ferrite phase, where it decomposes into Fe-rich ferrite (α) and Cr-rich ferrite (α'). The phase 

separation is accompanied with a severe loss of toughness. Therefore, the upper service 

temperature of ferrite-containing stainless steels in industrial applications has been limited to 

around 250°.  

In the present work, Fe-Cr based steels were mainly investigated by atom probe tomography. 

A new method based on the radial distribution function (RDF) was proposed to quantitatively 

evaluate both the wavelength and amplitude of phase separation in Fe-Cr alloys from the  

atom probe tomography data. Moreover, a simplified equation was derived to calculate the 

amplitude of phase separation. The wavelength and amplitude was compared with evaluations 

using the auto-correlation function (ACF) and Langer-Bar-on-Miller (LBM) method, 

respectively. The results show that the commonly used LBM method underestimates the 

amplitude of phase separation and the wavelengths obtained by RDF shows a good 

exponential relation with aging time which is expected from the theory. The RDF is also an 

effective method in detecting the phenomena of clustering and elemental partitioning. 

Furthermore, atom probe tomography and the developed quantitative analysis method have 

been applied to investigate the influence of different factors on the phase separation in Fe-Cr 

based alloys by the help of mainly mechanical property tests and atom probe tomography 

analysis. The study shows that: (1) the external tensile stress during aging enhances the phase 

separation in ferrite. (2) Phase separation in weld bead metals decomposes more rapidly than 

both the heat-affected-zone metals and the base metals mainly due to the high density of 

dislocations in the welding bead metals which could facilitate the diffusion. (3) The results 

show that Ni and Mn can enhance the phase separation comparing to the binary Fe-Cr alloy 

whereas Cu forms clusters during aging. (4) Initial clustering of Cr atoms was found after 

homogenization. Two factors, namely, clustering of Cr above the miscibility gap and 

clustering during quenching was suggested as the two responsible mechanisms. (5) The 

homogenization temperatures significantly influence the evolution of phase separation in Fe-

46.5at.%Cr. 
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Preface 

The present doctoral thesis, based partly on my previous licentiate thesis, summarizes the 

knowledge that I acquired during my 4-years of study as a Ph. D student in the Department of 
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Several challenges are thoroughly discussed in the present thesis: 

 Quantitative and accurate evaluation of the amplitude and wavelength during phase 

separation in Fe-Cr based alloys. 

 The influence of different factors on the phase separation, such as external stress, 

defects, alloying elements and solution treatment temperature. 

The structure of the thesis is as follows: in Chapter 1, stainless steels are introduced, together 

with the scope of the present work; in Chapter 2, the physical background of phase separation 

is explained based on the understanding of thermodynamics; in Chapter 3-4, details regarding 

the major techniques are given, which presents a brief review of the development on atom 

probe tomography, its application on phase separation in Fe-Cr alloys and connections 

between the phase separation and mechanical properties; in Chapter 5, details regarding the 

methodology are presented; Chapter 6 summarizes the appended papers and Chapter 7 

presents the concluding remarks and future work. 

 

Jing Zhou 

Stockholm, 2014-08-12 
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Chapter 1 

Introduction 

1.1 Stainless steels 
Stainless steels have an attractive combination of good corrosion resistance and excellent 

mechanical properties and are widely used in modern society, e.g. as tubes in nuclear power 

plants and chemical industry and cans in the food industry. Although stainless steels have 

been studied for more than a century, they are still developed further for improved 

performance in even harsher environments. 

In general, stainless steels are mainly composed of Fe and Cr, with some other alloying 

elements as well to meet the specific practical needs. For instance, Mo is added to enhance the 

resistance against pitting corrosion and Ni is an austenite-stabilizing element, which is added 

to enable a duplex microstructure with both ferrite and austenite to combine the merits of both 

phases. As a rule of thumb, the steel must contain more than 10.5 wt. % Cr (Bernstein, 1977) 

in order to achieve the aim of being stainless. The corrosion resistance stems from a dense 

layer of chromium oxide that forms on the steel surface and protects the underlying steel from 

further corrosion when exposed to a corrosive environment.  

In principle, stainless steels can be categorized into four groups depending on their different 

microstructures: ferritic, austenitic, martensitic and duplex stainless steels. The formation of 

different microstructures is highly dependent on the alloying elements added and heat 

treatments. In addition to the microstructures mentioned above, other phases and precipitates 

may form at different temperatures and alloy compositions, e.g. σ phase (Hall & Algie, 1966), χ 

phase (Kasper, 1954), π phase (Nilsson & Liu, 1991) and G phase (Vitek, 1987). However, 

the biggest challenge for the application of ferrite-containing stainless steels at intermediate or 

even lower temperatures is the formation of α' in ferrite which induces a significant decrease 

of ductility. This phenomenon has been named ‘475°C Embrittlement’ since the formation of 

α' is detrimental to the material’s mechanical properties, and is fastest when aging around 

475°C (Fisher et al., 1953). The physical background for the precipitate of α' is the existence 

of a miscibility gap in the Fe-Cr binary phase diagram, as shown in Fig. 1.1. As a 

consequence of the existing miscibility gap, the ferrite decomposes into Fe-rich phase (α) and 

Cr-rich phase (α'). The strain induced between α and α' could increase the hardness and 

decrease the ductility. Therefore, in order to overcome or suppress this phenomenon, 

extensive effort is needed to understand the mechanisms and the influence of different factors, 

for instance, heat treatment and alloying composition.  
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Figure 1.1 Phase diagram of binary Fe-Cr calculated with Thermo-Calc using the TCFE6 database 

(Thermo-Calc, 2008). 

 

1.2 Scope of the present work 
The present thesis is directed towards an experimental investigation of phase separation in Fe-

Cr based ferrite-containing stainless steels.  

One of the challenges in this work has been to quantitatively evaluate the wavelength and 

amplitude of the phase separation in Fe-Cr alloys based on the data obtained from atom probe 

tomography. Although several methods have been proposed for this purpose, there are several 

disadvantages with these methods. One main contribution of the present work has been the 

development of a new method based on the radial distribution function to quantitatively 

evaluate the wavelength and amplitude of the phase separation in Fe-Cr alloys. The results 

from the new method have been compared with results from other methods as well, such as 

the auto-correlation function for determining the wavelength  (Brenner et al., 1984) and the 

Langer-Bar-on-Miller (LBM) method (Langer et al., 1975) and the variation method (Blavette 

et al., 1988) for determining the amplitude. In addition, a simple and easily-used equation has 

been derived to evaluate the amplitude. Furthermore, the radial distribution function shows its 

great efficiency in detecting clustering and elemental partitioning. 

Another challenge has been to investigate the influence of different factors on phase 

separation in Fe-Cr based ferritic alloys. In order to find an effective way to suppress the  

‘475°C Embrittlement’, several factors have been investigated, including the initial structure, 

external stress, defects, alloying elements and solution temperatures. The main experimental 

technique has been atom probe tomography, which has been complemented with mechanical 
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properties tests including hardness measurements and impact toughness testing, and structural 

characterization by TEM, SEM and EBSD. The influence of initial structure on phase 

separation in Fe-Cr alloys was investigated by both experiments and phase-field modeling. 

The effect of defects on the evolution of phase separation was discussed. Three alloying 

elements, e.g. Ni, Mn and Cu were investigated regarding their influence on the embrittlement 

and hardening compared to the binary alloy. The effect of the solution treatment temperature 

has also been studied by atom probe tomography and hardness tests. 

 



4 

 

  



5 

 

 

Chapter 2 

Phase Separation 

2.1 Theory of phase separation 
The phase separation in ferritic stainless steels is a type of phase transformation in which 

there is only a change in composition but not in the crystal structure. Besides in Fe-Cr alloys, 

phase separation has also been studied in systems such as e.g. Al-Ag (Baur & Gerold, 1962), 

Al-Zn (Larsson, 1967), Au-Ni (Woodilla & Averbach, 1968), Au-Pt (Meijering, 1961) and (Ti, 

Zr)C (Holleck, 1986; Borgh et al., 2014). The theory of phase separation originates from a 

doctoral thesis by Hillert in the 1950s (Hillert, 1956). Later, the theory was extended and 

developed further by Cahn and Hilliard (Cahn & Hilliard, 1958) and Cahn (Cahn, 1961). 

Langer et al. (Langer et al., 1975) proposed a new modeling method taking into account 

fluctuations and the non-linearity of the thermodynamic factor.  

The mechanism of phase separation is either spinodal decomposition or nucleation and 

growth. The difference between these two mechanisms can easily be seen in Fig. 2.1(a) and 

(b). Fig. 2.1(a) shows the mechanism of spinodal decomposition, which is an up-hill diffusion 

process due to the negative diffusivity inside the spinodal line according to Fig. 2.2(b). Phase 

separation via the spinodal mechanism is spontaneous and occurs without any incubation time. 

Between the miscibility gap boundary and the spinodal line in Fig. 2.2(a), the phase 

separation occurs via nucleation and growth which is a down-hill diffusion process, as shown 

in Fig. 2.1(b). In this region, the structure is metastable according to the Gibbs energy curve 

in Fig. 2.2(b). Usually, an incubation time is accompanied with the mechanism of nucleation 

and growth when aging at intermediate temperatures. 
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Figure 2.1 Evolution of the two mechanisms of phase separation: (a) spinodal decomposition; (b) 

nucleation and growth (Porter & Easterling, 1991). 

 

Figure 2.2 (a) Chemical spinodal line and miscibility gap; (b) Gibbs energy at the temperature of T2 in 

binary system (Porter & Easterling, 1991). 

As can be seen in Fig. 2.3, there exist two kinds of spinodal lines: the chemical spinodal and 

the coherent spinodal. The difference is that for the chemical spinodal, the interfacial energy 

and coherency stresses are not considered, but considered in the coherent spinodal.  
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For the chemical spinodal, a general mathematical treatment of spinodal decomposition is 

based on the stability limit in a mixture of two different elements, which can be described by 

Eq. (2.1). This equation determines the boundary of the chemical spinodal where the sign for 

the curvature of the Gibbs energy changes. Inside the spinodal, the curvature of the Gibbs 

energy curve is negative and phase separation occurs with a steady decrease in the Gibbs 

energy.   

    

   
       (2.1) 

where Gm is the molar Gibbs energy; XB is the mole fraction of element B. 

In order to model the phase separation in reality, two more parts should be taken into 

consideration, i.e. the gradient and the strain energy. The gradient energy is caused by the 

phase-interface between A-rich phase and B-rich phase, i.e. the composition gradient and the 

strain energy comes from the mismatch between the lattices of the two new phases due to the 

difference in lattice parameters caused by the composition difference. Thus, the changes of 

the molar Gibbs energy of the system due to composition gradient can be expressed as Eq. 

(2.2). In this equation, the second term on the right side of the equation stands for the gradient 

energy and the third term for the strain energy. 

    
    

   
  

  

           
      

 
  (2.2) 

Where λ is the wavelength of the nano-scale spinodal structures; K is a proportionality 

constant dependent on the difference in the bond energies of like and unlike atom pairs; η is 

the fractional change in lattice parameter per unit composition change;           , E is 

Young’s modulus, ν is Poisson’s ratio; Vm is the molar volume. 

According to Fig. 2.2(b), spinodal decomposition can only occur inside the miscibility line 

where the second derivative of the Gibbs energy is negative. Thus, Eq. (2.3) can be derived as 

the condition of spinodal decomposition from the combination of Eqs. (2.1) and (2.2).  

    

   
  

  

               (2.3) 

It can be seen that the strain energy is always positive and this term thus decreases part of the 

driving force for spinodal decomposition. The strain-energy term can thus decrease the critical 

temperature for spinodal decomposition and the temperature drop depends on η. The 

boundary of the spinodal decomposition is found when     , i.e. Eq. (2.4) gives. 

    

   
             (2.4) 

From Eq. (2.4), it is obvious that the existence of stress between α and α' suppresses both the 

spinodal and the miscibility gap to lower temperature, as shown in Fig. 2.3. Since the 

interface between α and α' is coherent and being considered, they are named coherent 

miscibility gap and coherent spinodal respectively when considering the strain energy. 
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Figure 2.3 Different types of spinodal lines and miscibility gaps (Porter & Easterling, 1991). 

Furthermore, the suppression of the critical temperature (∆T in Fig. 2.3) due to the strain 

energy can be evaluated by Eq. 2.5 according to Cahn (Cahn, 1961). According to the 

equation below, given by Cahn, the effect of η on the critical temperature may be calculated. 

The results are listed in Table 2.1 for different binary systems. Since the radius difference in 

Fe and Cr is quite small (less than 1%), it has been claimed by that the strain energy has 

negligible influence on the critical temperature in the binary of Fe-Cr. The result from Eq. 

(2.5) shows the difference between the chemical and coherent miscibility gaps is no more than 

5°C. 

   
     

   
    (2.5) 

Table 2.1 Critical temperature changes in different binary systems (Cahn, 1961) 

Systems η ∆T(°C) 

Fe-Cr 0.005 4.5 

Al-Zn 0.0257 40 

Au-Pt 0.038 200 

Au-Ni 0.15 2000 

 

 

2.2 Phase separation in Fe-Cr alloys 
The toughness decrease induced by phase separation in Fe-Cr was first noticed by Becket 

(Becket, 1938). At that time, the underlying mechanism of the ‘475°C Embrittlement’ was 

still unknown. Later, Fisher et al. (Fisher et al., 1953) detected the precipitation of Cr-rich 
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phase by X-ray diffraction which showed that the precipitate had the lattice parameter equal 

to that of a Fe-70Cr alloy. Furthermore, Williams & Paxton (Williams & Paxton, 1957) 

confirmed that the ‘475°C embrittlement’ was due to the formation of Cr-rich precipitates (α') 

which can increase the hardness whilst decreasing the ductility of the materials. It is 

noteworthy that Williams & Paxton (Williams & Paxton, 1957) were the first ones to propose 

the existence of a miscibility gap in the Fe-Cr system, as shown in Fig. 2.4.  

 

Figure 2.4 Partial phase diagram of the Fe-Cr system (William & Paxton, 1957). 

With the development of the theory of spinodal decomposition by Hillert (Hillert, 1956, 1961), 

Cahn & Hilliard (1958) and Cahn (Cahn, 1961) and the notorious deterioration due to the 

‘475 Embrittlement’, the phase separation in Fe-Cr alloys has gradually drawn a lot of 

attention from the materials science community owning to the wide application of ferrite-

containing alloys in industry. Since the 1960s different techniques have been applied to study 

phase separation in the binary system of Fe-Cr. For instance, Chandra & Schwartz (Chandra 

& Schwartz, 1971) employed Mössbauer spectroscopy to investigate the phase separation in 

Fe-60Cr (at. %) alloys according to the fact that an absorption peak occurs in the 

paramagnetic environment which is corresponding to the Cr-rich domains, as shown in Fig. 
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2.5; Later, Grobner (Grobner, 1973) observed the precipitates of α' phase by electron 

microscopy in the stainless steel of Fe-18Cr-2Mo (wt. %); Okada et al. (Okada et al., 1978) 

used transmission electron microscopy (TEM) to characterize the morphology of phase 

separation in the alloy of Fe-31Cr-23Co (wt. %), as shown in Fig. 2.6; Miller et al. (Miller et 

al., 1982, 1995) successively employed atom probe field ion microscopy (APFIM) and atom 

probe tomography (APT) to study the morphology of the phase separation in ferritic steels; in 

addition, small-angle neutron scattering (SANS) was adopted to investigate the phase 

separation in Fe-Cr alloys (Fe-20at. %, 35at. % and 50at. %Cr) by Bley (Bley, 1992), as 

shown in Fig. 2.7.  

 

Figure 2.5 Mössbauer spectra of Fe-60Cr measured at room temperature: (a) the as-quenched alloy; 

the same alloy aged at 475°C for (b) 30h; (c) 80h; (d) 1300h (Chandra & Schwartz, 1971). 

 

Figure 2.6 Bright field images of Fe-31Cr-23Co alloy aged for 1h: (a) at 680°C; (b) at 670°C; (c) at 

660°C; (d) at 650°C (Okada et al., 1978). 
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Figure 2.7 Experimental values of the structure factor in: (a) Fe-20 at. %Cr, (b) Fe-35 at. %Cr, (c) Fe-

50 at. %Cr (Bley, 1992). 
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Chapter 3 

Atom Probe Tomography and Its 

Application 
Atom probe tomography is a powerful technique to study the local distribution of atoms in a 

small volume, e.g. 200x80x80nm
3
. It has been successfully applied to study a wide range of 

materials, such as e.g. semi-conducting materials, steels and aluminum alloys. In this chapter, 

a short review of the development of atom probe tomography is presented, and then followed 

by a description of the application of atom probe tomography for investigating the phase 

separation in Fe-Cr based alloys.  

3.1 Field ion microscopy 
In 1935, Müller invented a new type of microscope based on the idea of the quantum 

mechanical tunneling found by Oppenheimer (Oppenheimer, 1928), which has been published 

later in 1936 (Müller, 1936). This new type of microscope was the starting point for the 

development of atom probe tomography. After two decades, in 1955, Müller developed the 

prototype of the microscope and successfully applied field emission to image atoms for the 

first time, see Fig. 3.1. This was called field ion microscopy (Müller, 1956). The process of 

field ion image formation is shown schematically in Fig. 3.2. At the beginning, the image gas 

atoms are approaching the surface of the positively charged specimens, as shown in process (a) 

in Fig. 3.2; due to the high electrical field around the specimen, the image gas atoms get 

polarized, as shown in process (b); thus, the image gas atoms are attracted to the specimen, in 

process (c); then the image gas atoms make a series of collisions close to the specimen, in 

process (d); during the collisions, the image gas atoms become thermally accommodated to 

the cryogenic temperature of the specimen, in process (e); finally, the image gas atoms are 

ionized with the positive charge and radially repelled from the specimen towards the imaging 

screen and produce a spot of light, in process (f). Therefore, the distribution of spots on the 

phosphor screen forms the field ion image (Miller, 2000). One example is the image of a body 

centered cubic (bcc) tungsten specimen obtained by field ion microscopy, as shown in Fig. 3.3, 

in which different poles are marked (Miller, 2000). 
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Figure 3.1 Field emission microscope pattern of tungsten (Müller, 1956) 

 

Figure 3.2 Process of field ion image formation (Miller, 2000) 
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Figure 3.3 An indexed field ion micrograph of a body centered cubic tungsten specimen (Miller, 2000) 

3.2 Atom probe field ion microscopy 
In order to detect and identify the atoms evaporated from the specimen tip, Müller and Panitz 

(Müller & Panitz, 1967) in 1967, and Müller et al. (Müller et al., 1968) in 1968, introduced a 

new instrument: atom probe field ion microscope, which is a combination of a field ion 

microscope and a mass spectrometer, as shown in Fig. 3.4. 

 

Figure 3.4 Schematic diagrams of the original atom probe field ion microscope (Kelly & Miller, 2007) 

After the process of field evaporation, the atom with the charge of n on the surface of the 

specimen is accelerated up by the applied field. Thus, the potential energy of neV is converted 

into kinetic energy of 
 

 
   . Therefore, the mass-to-charge ratio m/n of the evaporated ion 

can be given by Eq. 3.1. 

 

 
 

  

                
    (3.1) 
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Where e is the charge of an electron; d is the distance between the specimen and the detector, 

as shown in Fig. 3.4; Vdc is the standing voltage; Vpulse is the pulse voltage amplitude; t is the 

time of flight from the specimen tip to the detector, which can be determined with a time-to-

digital converter. This method is called time-of-flight mass spectrometry, which is used to 

determine the mass-to-charge ratio and thus identify the elements. During the standing voltage, 

no atoms should be evaporated; the ions are only field evaporated from the specimens during 

the applied pulse voltage.  

Thus, both the standing voltage and pulse voltage should be selected appropriately according 

to different materials and analyzing temperatures. In general, the amplitude of the pulse 

voltage is 15%-20% of the standing voltage (Miller, 2000). More strictly, all these parameters 

including the amplitude of the pulse voltage, the standing voltage and the specimen 

temperature should be selected to make sure that all different atoms in the specimen should 

have the similar possibility to be evaporated during the application of the pulse voltage. 

Otherwise, it will lead to biased compositions since one of these elements evaporates between 

the pulses, and thus the composition of the element is lower than what it should be. The effect 

is shown in Fig. 3.5.  

 

Figure 3.5 Evaporation field for two different elements at different temperatures (Miller, 2000) 

3.3 Three-dimensional atom probe 
In the 1980s, a new type of instrument was developed to be able to produce three-dimensional 

images of the internal structures by combining the position-sensitive detection with the time-

of-flight mass spectrometry. The technique behind these 3-dimensional atom probe 

instruments were given the name, atom probe tomography (APT), as shown in Fig. 3.6. 

Different detectors have been invented to meet the requirements of the three-dimensional 

atom probe, such as optical atom probe (OAP) (Miller, 1991), position-sensitive atom probe 

(PoSAP) (Cerezo et al., 1988) and tomographic atom probe (TAP) (Bostel et al., 1989), as 

shown in Fig. 3.6. 
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Figure 3.6 Three-dimensional atom probe with different detectors (Kelly & Miller, 2007) 

Although the three-dimensional atom probe is a milestone in the development of atom probe 

tomography to reconstruct 3D structures of the specimen, there are two significant issues 

which hindered the application of three-dimensional atom probe in practice: 1) the low mass 

resolution due to the small energy deficit which arises because ions are evaporated at different 

times during the high voltage pulse; 2) very low data collection efficiency: the data collection 

rate is around 10 atoms/s or 10
6
 atoms/day, which corresponds to an analyzed depth of 15-

25nm/day.  

In order to improve the mass resolution, the development of energy compensation by a 

reflectron lens was successfully applied on the three-dimensional atom probe (Warren et al., 

1998), as shown in Fig. 3.7. 

 

Figure 3.7 Three-dimensional atom probe with an energy-compensating reflectron lens (Kelly & 

Miller, 2007) 

With the application of a reflectron lens on the three-dimensional atom probe, the mass 

resolution has been improved to a very good extent and can easily identify the isotopic atoms, 
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as shown in Fig. 3.8, in which different isotopic peaks can be evidently separated, such as Fe, 

Cr, Ni from the spectrum of the alloy Fe-26wt. %Cr-5wt. %Ni (Cerezo et al., 1998). 

 

Figure 3.8 A spectrum of the alloy Fe-26wt. %Cr-5wt. %Ni (Cerezo et al., 1998) 

3.4 Local electrode atom probe (LEAP) 
Today’s atom probe tomography instrument is named as local electrode atom probe (LEAP) 

by the company of Imago Scientific Instrument (nowadays, CAMECA). The first generation 

of commercial LEAP was constructed by Kelly and Larson, and the prototype LEAP is shown 

in Fig. 3.9(a). The latest version of LEAP is LEAP 4000X, which is shown in Fig. 3.9(b).  

 

Figure 3.9 (a) Prototype of the commercial LEAP; (b) LEAP 4000X (Larson et al., 2013) 

The new instrument was equipped with a local-electrode geometry comparing with the three-

dimensional atom probe, as shown in Fig. 3.10. With the local electrode, the field has been 

enhanced up to 1.5 times or more. Thus, a lower applied voltage could produce the same field 

as in the three-dimensional atom probe. This type of field enhancement has two significant 
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improvements: 1) the local electrode could be applied to lower the applied voltage, thus, a 

higher data collection rates can be obtained; 2) due to the applied voltage decrease, there 

exists a relative reduction in the energy spread which could probably improve the mass 

resolution over the entire field of view (Kelly, et al., 1996). In principle, the combination of 

the local-electrode geometry has improved the data collection rate and the mass resolution 

over a large field of view in atom probe tomography (Larson et al., 2013). 

 

Figure 3.10 Schematic of LEAP with local electrode and detector geometry (Larson et al., 2013) 

 

3.5 Application of APT to phase separation in Fe-Cr alloys 
Atom probe tomography has been demonstrated to be a very useful technique to study the 

nano-scaled structures of materials due to the atomic-level spatial resolution after over fifty 

years of development. Due to this significant feature, APT has showed a huge potential to 

characterize the composition difference in nano-structures. 

The application of atom probe tomography on the phase separation in Fe-Cr based alloys can 

be dated to the 1980s and was of great importance to directly observe the structures of phase 

separation. For instance, Brenner et al. (Brenner et al., 1984) observed the interconnected 

microstructures in Fe-28.5Cr-10.6Co (wt. %) aged for 8 hours at 600°C by field ion 

microscopy, see Fig. 3.11. The white regions in the image represent the Fe-rich domains 

whereas the dark regions are the Cr-rich domains. Miller et al. (Miller et al., 1995) employed 

the position-sensitive atom probe to reconstruct the morphology and furthermore compared 

the results with modeling results. Danoix et al. (Danoix et al., 2004) investigated the 

hardening mechanism of duplex stainless steels aging at 400°C by atom probe tomography. 
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Figure 3.11 Field ion image of Fe-28.5Cr-10.6Co aged for 8 hours at 600°C (Brenner et al., 1984) 

Recently, Xiong et al. (Xiong et al., 2011) employed APT to determine experimentally the 

position of the spinodal line at 500°C in Fe-Cr binary alloys. As can be seen in Fig. 3.12, the 

alloy with the composition of 26.65 at. % Cr shows isolated nuclei in the atom map of Cr (Fig. 

3.12(a)), and the composition of the alloy thus seems to be located between the miscibility 

gap and the spinodal line. The experimental data is compared with a new thermodynamic 

evaluation of the phase diagram as can be seen in Fig. 3.12(d). This indicates that the 

mechanism is via nucleation and growth. For the alloy with the composition of 37.76 at. % Cr, 

the structures from the atom map of Cr in Fig. 3.12 (c) are interconnected, which indicates the 

mechanism is via spinodal decomposition. The results are in good agreement with the phase 

diagram in Fig. 3.12 (d). For the composition of 31.95 at. %Cr which is located quite close to 

the spinodal line, both nuclei and interconnected structures can be found in the atom map of 

Cr in Fig. 3.12 (b). 
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Figure 3.12 Atom maps of the Cr distribution for alloys with (a) 26.65 at. %, (b) 31.95 at. %, (c) 37.76 

at.% Cr determined by APT, (d) zoomed-in phase diagram (the blue solid line is the miscibility gap 

and the red dashed line is the spinodal line). The size of the box for analysis is            . 

(Xiong et al., 2011) 

 

3.5.1 Sample preparation 

In order to have a sharp-shaped tip to be analyzed, several methods have been developed for 

sample preparation in the latest several decades, mainly including electro-polishing and ion 

milling. In this section, two widely-used methods will be briefly introduced, i.e. two-step 

electro-polishing and focused ion beam (FIB).  

Two-step electro-polishing 

This method is based on the double-layer electro-polishing technique. The samples should be 

cut into blanks with the size of about 20mm×0.3mm×0.3mm. Afterward, the blank should be 

electro-polished using an electrolyte suitable for the investigated materials, as shown in Fig. 

3.13(a). In the first step of electro-polishing, the top surface of the electrolyte has the 

strongest polishing rate. Thus, the electrolyte should be moved up and down in order to form 

a neck in the middle part of the sample. Then another more dilute electrolyte is used to obtain 

the final tip that can be analyzed in LEAP, as shown in Fig. 3.13(b). Usually, the tip has an 

angle of less than 15°.  

For the Fe-Cr based alloys in the present work, the recipe of the electrolyte in the first step is 

10% perchloric acid, 20% glycerol and 70% methanol floating on the top of 

trichlorotrifluoroethane, and 2% perchloric acid in 2-butoxyethanol in the second step. 
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Figure 3.13 Sample preparation by electro-polishing: (a) two-step electro-polishing; (b) the final tip 

analyzed by LEAP (Andrén, 2011). 

 

Focused ion beam (FIB) milling 

This application of focused ion beam milling to prepare specimens for field-ion microscopy 

was first proposed by Larson et al. in 1998 (Larson et al., 1998). The merit of this method is 

that it permits the process of milling to be monitored during the preparation of the specimen. 

More importantly, interesting regions could be selected to be analyzed in LEAP, such as grain 

boundaries. Two main approaches can be used to sharpen the specimen into a needle-shaped 

tip for evaporation. The first one is to use an annular pattern during the milling. The beam is 

kept parallel to the specimen axis, as shown in Fig. 3.14(a). This method is quite similar to a 

pencil sharpener.       
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Figure 3.14 Schematic diagram showing methods of FIB milling using: (a) an annular pattern; (b) a 

cutting method (Larson et al., 1998) 

 

3.5.2 Sample analysis by LEAP 

The samples are placed in a high-vacuum chamber with a cooling system in order to meet the 

strict analysis environment in LEAP. The pressure is usually kept in the order of 10
-11

 torr to 

assure a good analysis. The temperature during analysis is highly dependent on the analyzed 

materials, and in the case of Fe-Cr alloys, the temperature is usually set between 20K and 80K 

to achieve similar evaporation rates for both Fe and Cr atoms. In the present work, the 

temperature was set to be 55K. Another important procedure before analysis is to align the tip 

with the electrode quite well. For a good alignment, the top of the tip should be located at the 

crossing point when one tries to extrapolate the edges of the electrode from the 2D image as 

shown by red dotted lines in Fig. 3.15.  
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Figure 3.15 Alignment of the tip with the electrode 

There are two kinds of analysis modes in LEAP, i.e. voltage mode and laser mode. Only 

conductive materials can be analyzed in the voltage mode and laser mode is very useful for 

non-conductive materials, such as ceramics.  

At the beginning of the analysis, some phenomena may be found, such as oxidation that could 

form during the electro-polishing. Higher voltage is usually needed to remove the oxide layers. 

The voltage should be increasing slowly in order to avoid the fracture of the specimen during 

analysis. 

 

3.5.3 Reconstruction by integrated visualization & analysis software (IVAS) 

The reconstruction of the evaporated material in LEAP is performed by the integrated 

visualization & analysis software (IVAS). According to the data recorded by LEAP, the atoms 

were evaporated layer by layer which can be considered as 2D atom maps (x and y directions) 

at different z positions (Miller, 2000). Additionally, the positions of each evaporated ion in x 

and y directions were determined by the primary detector, and the time of flight for each atom 

has been recorded as well in order to generate the mass spectrum, and furthermore determine 

the type of each element. The basic idea of reconstruction process is to align different layers 

along the z direction to generate the 3D atom distribution.  

In order to identify the atoms collected by the LEAP, the recorded mass spectrum is of 

significant importance, as shown in Fig. 3.8. In IVAS, users have to generate a suitable Range 

file to identify the corresponding mass-charge-ratio peaks in the mass spectrum when 

analyzing different alloy systems.  

Particularly in IVAS, a smoothing method based on the moving average techniques has been 

adopted (Miller, 2000) when concerning the concentration. More importantly, IVAS has 

shown an impressive ability in dealing with clustering phenomena based on the maximum 

separation algorithm (Stephenson et al., 2007). 

One example of the reconstructed specimens is given in Fig. 3.16. 
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Figure 3.16 Reconstruction of the specimen 

 

3.5.4 Measurement of wavelength 

In order to attain the wavelength of phase separation in Fe-Cr alloys, several methods were 

proposed to approach the aim, for instance, auto-correlation function (Brenner et al., 1984), 

fast Fourier transform method (Odqvist et al, 2012) and radial distribution function (Zhou et 

al., 2013). In this section, only auto-correlation function will be introduced and the radial 

distribution function method will be presented in the next chapter. 

Auto-correlation function 

Based on the 1D concentration-field data from atom probe field ion microscope, Brenner et al. 

(Brenner et al., 1984) employed the auto-correlation function (ACF) to evaluate the 

wavelength of phase separation in Fe-Cr-Co alloy. The correlation coefficient from auto-

correlation function is expressed in Eq. 3.2. 

   
 

   ∑                 
      
      (3.2) 

Where, Cr and Ci+k are the concentration of the i
th

 and i+k
th

 sample blocks; C0 is the average 

composition; k is the lag; σ
2
 is the variance of the composition of Ci, given by    

∑        
  

   . In this case, the first maximum on the R(k) curve is determined to be the 

wavelength . 

In this method, the 1D concentration field was obtained first from either APFIM or APT, as 

shown in Fig. 3.17(a). Based on the 1D concentration profile, one can employ the auto-

correlation function to obtain the curve of correlation coefficient and find the first maximum 

which is corresponding to the wavelength of phase separation. Later, Hyde et al. (Hyde et al., 

1995) extended the 1D ACF method to 3D by using the radial concentration profile. 
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Figure 3.17 Alloy of Fe-26Cr-5Ni aged at 560°C (a)1D concentration field profile with the block of 

50 ions; (b) Auto-correlogram from the 1D concentration profile (Brenner et al., 1984). 

3.5.5 Measurement of amplitude 

With respect to the amplitude, there are several methods available at present: Langer-Bar-on-

Miller (LBM) method (Langer et al., 1975), Variation method (Blavette et al., 1988), Pa 

method (Sassen et al., 1987; Godfrey et al., 1988; Brown et al., 1990) and RDF method (Zhou 

et al., 2013).  

LBM method 

The LBM method is the most widely used method nowadays to obtain the amplitude of phase 

separation. This method is based on the so-called frequency diagram. The frequency diagram 

is representing the composition frequency which is generated by using a box of fixed size to 

go through the whole volume of the specimen and calculate the frequency of different 

compositions. One example is given in Fig. 3.18. The dots represent the frequency diagram. 

The binomial distribution stands for the ideal distribution in a homogenized alloy. Once the 

phase separation proceeds, the peak of the distribution becomes lower and the width at the 

bottom of the distribution becomes wider since two phases with high Fe and Cr contents 

respectively occur. 

 

Figure 3.18 Frequency diagram for Fe-25Cr (block size 50 atoms) 
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Since the alloy is decomposed to Fe-rich phase (α) and Cr-rich phase (α') during aging at 

intermediate temperatures, the idea of the LBM method is to deconvolute the frequency 

diagram into two Gaussian distribution functions where one is for the Fe-rich phase (α) and 

the other is the Cr-rich phase (α'). The deconvolution of the frequency diagram is based on Eq. 

3.3. 

     
 

         ⁄  {
  

     
            

    ⁄   
  

     
            

    ⁄  } (3.3) 

Where, μ1 and μ2 are the peak and trough compositions respectively; σ
2
 is the variance of the 

Gaussian distributions. So the amplitude can be obtained by the subtraction between μ2 and μ1.  

The solid lines in Fig. 3.14 are fitted according to the experimental frequency diagrams and 

obtained from Eq. 3.4. It can be easily seen that for more pronounced phase separation, i.e. 

long-term aged specimen, the fitting is not so good (the solid blue line in Fig. 3.22). More 

importantly, it has been pointed out from a recent paper (Zhou et al., 2013) that the amplitude 

obtained by the LBM method does not give accurately estimate the amplitude of the phase 

separation. In fact, this method underestimates the amplitude. 

 

Variation method 

The variation method is also based on the frequency diagram. As explained above, the peak of 

the distribution becomes lower and the width at the bottom of the distribution becomes wider 

when the phase separation occurs in the alloys. The variation method measures the absolute 

difference between the binomial distribution and the experimental frequency distribution, as 

defined in Eq. 3.4. 

  ∑ |               |
  
      (3.4) 

Where O is the observed experimental distribution, B is the binomial distribution. 

Theoretically, the parameter of V can be varying between 0 and 2. The larger V value, the 

more pronounced phase separation occurs in the alloy. Thus, the method can simply compare 

the extent of the phase separation in different alloys, but cannot give the amplitude of the 

phase separation.  

 

Pa method 

The Pa method is based on the assumption of the sinusoidal concentration field of spinodal 

decomposition from Cahn (Cahn, 1961). The concentration field due to fluctuation is in the 

form of (Sassen et al., 1987; Miller, 2000): 

        [
   

  
]             (3.5) 
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Where, 2Pa is the peak-to-trough amplitude of the spinodal decomposition; c0 is the mean 

solute concentration and md is the discretization of the composition profile. Usually, the value 

of md is chosen to be larger than 20.  

According to statistics, the possibility of obtaining i solute atoms in a block containing Nb 

atoms is given by Eq. (3.6) as follows. 

        
 

  
∑ (

  

 
)   

   
        

      (3.6) 

Where        . Thus, the possibility can be maximized by finding the best fitting of S 

with the respect to Pa by stepping through all the possible values of Pa, as shown in Eq. (3.7). 

     | |  ∑         |       |
  
      (3.7) 

Where O(i) is the number of times a block with i solute atoms was observed. 
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Chapter 4 

Connections between Phase Separation and 

Mechanical Properties 
In order to characterize the phase separation in Fe-Cr alloys, different techniques have been 

found to detect the phase separation. Regarding the mechanical properties, hardness test and 

impact energy test are two effective methods since the phase separation in ferrite causes a 

hardness increase and impact energy drop in ferrite-containing stainless steels.  

Although Becket (Becket, 1938) observed the hardness increase and ductility drop during the 

aging of stainless steels, the mechanism of hardening was not discovered until Fisher et al. 

detected the formation of Cr-rich phase (α') by X-ray examinations, which shows that the 

precipitation of α' should be responsible for the phenomenon of ‘475°C Embrittlement’ in 

ferritic stainless steels. 

Later, Cahn theoretically explained the hardening mechanism by spinodal decomposition and 

claimed that it was due to the internal stresses induced by the spinodal decomposition that 

could hinder the migration of dislocation analogous to the influence by precipitation 

hardening (Cahn, 1963). More importantly, he claimed that the hardening extent should be 

proportional to the square of the amplitude during spinodal decomposition. In addition, Park 

et al. (Park et al., 1986) investigated the phase separation in Fe-30wt. % Cr alloys and 

modeled the hardening mechanism based on Cahn’s theory as well and discussed the aging-

hardening phenomenon during aging. Regarding the experiments, Danoix et al. (Danoix et al., 

2004) studied the connections between the hardness increase and the amplitude of phase 

separation during aging by atom probe tomography, and found that the hardness increase is in 

good accord with the extent of the phase separation that is represented by V values, as shown 

in Fig. 4.1. The experimental results are good evidence of the theory proposed by Cahn (Cahn, 

1963) for the hardening mechanism by spinodal decomposition.  
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Figure 4.1 Extent of phase separation (V values) vs. hardness increase in CF8M (Danoix et al., 2004) 

Recently, Capdevila et al. (Capdevila et al., 2008) investigated the hardening mechanism by 

hardness test and APT analysis. They compared the hardness increase with the size of α' and 

composition amplitude of phase separation respectively (see Fig. 4.2), and concluded that the 

hardness increase is more related to the composition amplitude instead of the size of α'. This 

is consistent with the previous discussion by Cahn (Cahn, 1963) and Danoix et al. (Danoix et 

al., 2004). 

 

Figure 4.2 Linear relationship between hardness and the size and chromium content of the phase (Cr, 

dashed line) and composition amplitude (∆C, solid line) (Capdevila et al., 2008). 
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Additionally, it is generally accepted that the hardening by the mechanism of spinodal 

decomposition is more pronounced than that of nucleation and growth since the spinodal 

decomposition has a finer microstructure. 

Regarding the brittleness induced by the phase separation in Fe-Cr alloys, the possible reason 

could be due to the formation of the Cr-rich phase which deforms in a brittle manner similar 

to the pure Cr alloy (Miyazaki et al., 1974). While phase separation occur the impact 

toughness changes from ductile to brittle, as shown in Fig. 4.3.  

 

Figure 4.3 Charpy V-impact energy vs. aging time at 475 °C (Cortie & Pollak, 1995) 

Besides the phase separation, some other concurrent phenomena have also been reported to be 

responsible for the embrittlement, such as Cu clusters (Thuvander et al., 2012) and G-phase 

(Zhou et al., 2012). 
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Chapter 5 

Methodologies 
 

In this chapter, details regarding the RDF analysis from atom probe tomography data and 

mechanical tests will be presented, including the principle of quantitatively evaluating the 

wavelength and amplitude by the RDF method in the phase separation of Fe-Cr alloys, 

hardness measurements and Charpy-V impact energy tests.  

5.1 Radial distribution function 
A new method based on the radial distribution function (RDF) has been put forward recently 

to evaluate the wavelength of phase separation in Fe-Cr alloys (Zhou et al, 2013). RDF 

analysis was employed to represent the radial concentration profile starting from every 

detected atom of the chosen element. Thus it indicates the probability density of finding an 

atom j at r when an atom i is the origin (De Geuser et al., 2006; Miller & Kenik, 2004). In the 

RDFs presented here, 0.2 nm was taken as the step size. The measured concentration at each 

position was normalized with respect to the average bulk concentration. The RDF can be 

expressed as in Eq. (5.1). 

       
     

  
 

         ⁄

  
    (5.1) 

Where CE(r) is the atomic composition of element E at the distance of r, C0 is the average 

composition of element E in the analyzed volume, NE(r) is the total number of atoms of 

element E at the distance of r, N(r) is the total number of atoms of all elements at the distance 

of r. The generation of RDF curves is schematically shown in Fig. 5.1. It should be mentioned 

that each atom of the selected element is chosen as the center atom and the RDF curve gives 

the normalized average composition at certain distances. Thus, the RDF curves show very 

good statistical results. Similar to the auto-correlation function, the first maximum on the 

RDF curve represents the wavelength of phase separation in investigated alloys.  
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Figure 5.1 Generation of a RDF curve 

 

5.2 Wavelength evaluation by RDF 
In order to interpret the meaning of RDF curves, two RDF curves generated from the Cr-rich 

domain and Cr-depleted domain respectively are depicted in Fig. 5.2. The RDF curves were 

generated by only choosing the Cr atoms in one Cr-rich domain and on Cr-depleted domain as 

the centers, respectively. An obvious maximum can be found on the RDF curve generated 

from Cr-rich region, which can be interpreted so that the nearest Cr-rich domains were 

approached as the distance increases from the chosen Cr atoms. In fact, this is the definition 

of wavelength that represents the distance between the nearest two Cr-rich domains. 

Additionally, there usually exists a minimum on the RDF curve as well, which can be 

interpreted as the nearest Cr-depleted regions were approached. Importantly, it is consistent 

that the location of the first minimum is at the half distance of the first maximum. Similarly, 

the minimum and maximum on the RDF curve generated from the Cr-depleted region can be 

interpreted in the same way. Moreover, the RDF curve generated from the Cr-rich domain has 

a very strong positive interaction at the short distances; on the contrary, the RDF curve from 

the Cr-depleted domain has a negative interaction at short distances. 

 

  Figure 5.2 RDF curves from Cr-rich and Cr-depleted regions 
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Assuming that the volumes of the Cr-rich domains and Cr-depleted domains are equal, there 

are much more Cr atoms in the Cr-rich domains due to the high content of Cr in these 

domains. Therefore, the positive interaction at short distances generated from Cr-rich domains 

on the RDF curves will dominate when a statistical analysis of RDF is generated by choosing 

all the Cr atoms as the center. This is the reason why the extent of the positive interaction at 

short distances indicates the degree of the phase separation in Fe-Cr alloys. Additionally, the 

first maximum on the RDF curve gives the information of average distance between two 

nearby Cr-rich domains if the first maximum exists. It has been noticed that the more 

pronounced phase separation, the easier to find the first maximum on the RDF curve. As can 

be seen in Fig. 5.3, the first maximum can be found in most cases in which the phase 

separation is pronounced. Furthermore, the first minimum is located at the half distance of the 

first maximum, which is consistent with the previous discussion.  
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Figure 5.3 RDFs from three investigated materials aged at 500°C (a) Fe-25Cr (b) Fe-30Cr (c) Fe-36Cr. 

Nevertheless, there exist some RDF curves without the maximum, such as the RDF curve of 

the alloy with the composition of Fe-25Cr aged at 500°C for 100h. A more general treatment 

can be helpful to find the wavelength in the less decomposed alloys. More details can be 

found in Paper I. 

 

5.3 Amplitude evaluation by RDF 
The method based on RDF curves to evaluate the amplitude of the phase separation was 

proposed by Zhou et al. in 2013 (Zhou et al., 2013). The process of obtaining the amplitude 

by RDF method is schematically given in Fig. 5.4. In order to obtain the amplitude, it is of 

great significant to select the domains which can stand for the peak and trough values of the 

assumed sinusoidal composition profile. In principle, the wavelength can be easily obtained 

by the RDF curve. Based on the wavelength, a simple assumption was made to evaluate the 

number of Cr-rich domains: all the Cr-rich domains are located in the center of the cube with 

the length of the wavelength and all the cubes are placed side by side as a crystal structure. 

Thus, the number of the total Cr-rich domains (or Fe-rich domains) can be estimated by Eq. 

(5.2). By the help of the iso-surface tool in IVAS, the number of Cr-rich domains (or Fe-rich 

domains) can be selected by choosing a suitable threshold value to obtain the exact quantity of 

Cr-rich domains (or Fe-rich domains) obtained by Eq. (5.2). The selected Cr-rich domains 

were shown in Fig. 5.5. The two RDF curves were generated in the selected Cr-rich domains 

and Fe-rich domains respectively to find the peak composition and valley composition of the 

assumed sinusoidal concentration field, as shown in Fig. 5.6. With these two compositions, 

the amplitude can be simply obtained by the subtraction of these two values.  

  
 

      (5.2) 



37 

 

 

Figure 5.4 Process of the RDF method 

 

Figure 5.5 Atom maps of Fe-25Cr aged for 1000h at 500°C: (a) Cylinder of 80nm*27nm, (b) Selected 

Cr-rich domains by iso-surface in IVAS 
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Figure 5.6 RDF of Cr-Cr for the alloy of Fe-25Cr in (a) Cr-rich regions; (b) Fe-Cr in Fe-rich regions  

More importantly, a very simple equation (Eq. (5.3)) was derived to calculate the amplitude of 

phase separation based on the RDF curve according to the sinusoidal composition profile 

proposed by Cahn (Cahn, 1961). In this equation, the only unknown parameter is RDF(0). In 

order to obtain the parameter of RDF(0), we can extrapolate the RDF curve to the distance of 

0 where RDF(0) is obtained. More details can be found in Paper I. 

      √             (5.3) 

 

5.4 Mechanical properties tests 

 5.4.1 Hardness measurements 

The hardness tests were performed on the micro-hardness machine. The chosen load in the 

present work was 100 grams. The load was applied for 20 seconds to make a quadrangular 

pyramid in the surface of the materials. In order to measure the values of the micro-Vickers 

hardness, two diagonal lines were drawn to evaluate the hardness of the material. Afterwards, 

the micro-hardness could be calculated automatically in the software of Leica according to the 

length of two diagonal lines. Ten measurements have been performed on each specimen to 

obtain good statistic results. Fig. 5.7 shows one example of hardness increase with aging time 

at 500°C. 
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Figure 5.7 Hardness increase with aging time 

 

5.4.2 Impact energy tests 

The half-size Charpy-V notch impact energy was chosen to determine the toughness of the 

materials. The size of the samples for ductility tests is 55mm×10mm×5mm according to EN 

10045. In order to avoid the influence of the oxidation on toughness tests after aging, the 

milling on the notch was used. One example of the test results is given here in Fig. 5.8, 

showing the ductile to brittle transition during aging at 500°C. 

 

Figure 5.8 An example of half-size Charpy-V notch impact energy tests 
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Chapter 6 

Summary of Appended Papers 
 

Paper I. Quantitative evaluation of spinodal decomposition in Fe-Cr by atom probe 

tomography and radial distribution function analysis 

The quantitative evaluation of wavelength and amplitude in spinodal decomposition was 

investigated in the present paper. A new method based on the radial distribution function 

(RDF) from atom probe tomography analysis was proposed to evaluate the wavelength and 

amplitude of phase separation in Fe-25Cr, Fe-30Cr and Fe-35Cr binary alloys. In addition, the 

results of wavelengths and amplitudes obtained by the RDF method have been compared with 

the wavelengths obtained by the auto-correlation function (ACF) and amplitudes obtained by 

the Langer-Bar-on-Miller (LBM) method respectively. Detailed evidence shows that the most 

common-used LBM method underestimates the amplitudes of phase separation in the binary 

alloys. The wavelengths obtained by the RDF curves have an exponential relation with aging 

time, which is consistent with the theory. But no such trend for the wavelengths obtained by 

1D ACF could be found. Moreover, a very simple equation was derived to calculate the 

amplitude of phase separation which gives consistent amplitudes with those obtained by the 

RDF method.  

 

Paper II. Observations of Cu clustering in a 25Cr-7Ni super duplex stainless steel during 

low temperature aging under load  

Clustering of Cu was observed by atom probe tomography in the 25Cr-7Ni super duplex 

stainless steel after aging at 325°C with an external tensile load. The observation shows that 

Cu clustering locates in the intermediate regions between Fe-rich domains and Cr-rich 

domains. From the RDF curve of Cu-Cu by atom probe tomography, the higher extensile load 

induces stronger Cu clustering. In addition, the Cu clustering was found to be one of the 

reasons to take responsibility for the low-temperature embrittlement of the supple duplex 

stainless steels of 25Cr-7Ni. 
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Paper III. Concurrent phase separation and clustering in the ferrite phase during low 

temperature stress-aging of duplex stainless steels 

The motivation for this work was due to that the welding bead metals were found to be much 

more sensitive to the ‘475°C Embrittlement’ than the base metals and the heat-affected-zone 

(HAZ) metals. Another aim was to investigate the influence of external tensile stress on the 

phase separation since duplex stainless steels often is used in load-bearing applications. The 

results based on the RDF curves from atom probe tomography showed that the phase 

separation in the welding bead metals is much more pronounced than that in the base metals 

and the HAZ metals. The bright field images from transmission electron microscope showed 

that there exist much higher density of dislocations in welding bead metals than in the other 

two metals. The high density of dislocations should take the responsibility for the  more 

severe ‘475°C Embrittlement’ found in welding bead metals since  dislocations can facilitate 

the diffusion process, and thus increase the phase separation in welding bead metals. 

Additionally, the external tensile load was found to increase the phase separation as well.  The 

reason being that the external tensile stress can enhance the diffusion, and thus favor both 

phase separation and cluster formation. In addition, clusters of Ni-Mn-Si-Cu were detected in 

the intermediate regions of Fe-rich and Cr-rich regions by atom probe tomography. These 

clusters were considered to be precursors of G-phase. Cu was found to partition with the G-

phase precursor clusters. It was proposed that the clustering of Ni-Mn-Si-Cu partly could be, 

alongside phase-separation, responsible for the ‘475°C Embrittlement’ in the investigated 

materials.  

 

Paper IV. Initial clustering - a key factor for phase separation kinetics in Fe-Cr based 

alloys 

Initial clustering of Cr was found in the as-quenched specimens of different materials by the 

help of RDF curves from atom probe tomography analysis. In order to explain the formation 

of initial Cr clustering, austenite from the same material of 2507 duplex stainless steel has 

also been investigated by atom probe tomography. No initial clustering in austenite was 

observed, which excluded the possibility of thermal fluctuation at high temperature during 

homogenization. According to the comparison of the initial Cr clustering in materials with 

different Cr-contents, it was found that the extent of initial Cr clustering increases with 

increasing Cr-content. The reason for that is probably due to the phase separation when 

quenching into the miscibility gap. In addition, initial Cr clustering was not found in the nano-

flex material because the composition of the material is located quite close to the miscibility 

gap, thus there should be almost no phase separation during quenching. Furthermore, phase 

field modelling was performed to predict the influence of the initial Cr clustering on the 

evolution of the phase separation. The results showed that the initial Cr clustering has an 

obvious effect on the morphology of the phase separation. 
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Paper V. The 475 °C embrittlement in Fe–20Cr and Fe–20Cr–X (X=Ni, Cu, Mn) alloys 

studied by mechanical testing and atom probe tomography 

The aim of this work was to investigate the influence of the alloying elements i.e. Ni, Cu and 

Mn on the phase separation during aging at 500°C compared to the binary Fe-Cr alloy. Micro-

hardness tests, impact energy tests and atom probe tomography analysis were used to study 

the phase separation. According to the results of the Cr-Cr RDF curves, the addition of Ni and 

Mn significantly enhances the kinetics of the phase separation compared to the binary Fe-

20Cr alloy, but Cu was found to have very little effect on the kinetics of phase separation. 

However, all three ternary alloys show stronger hardness increasing trend than the binary 

alloy, especially the ternary of Fe-Cr-Cu. The reasons are different for the different ternaries. 

In Fe-Cr-Ni and Fe-Cr-Mn, it is due to the phase separation which induces the hardening 

phenomenon; but in Fe-Cr-Cu, the Cu clusters should take the responsibility for the hardening 

during aging.  

 

Paper VI. Direct atom probe tomography observations of concentration fluctuations in 

Fe-Cr solid solution  

The concentration fluctuations were directly observed by the help of atom probe tomography 

in the solid solution alloy of Fe-46.5%Cr quenched from four different homogenization 

temperatures. Statistical analysis based on frequency diagram and radial distribution function 

shows the obvious evidence that there exist the atomic short-range order. Furthermore, the 

results based on the Monte Carlo simulations agree qualitatively well with the experimental 

results. In addition, more details show that the clustering tendency decreases with the 

homogenization temperatures above the miscibility gap. The present observation can provide 

the experimental data for taking the concentration fluctuations into account in the future phase 

field simulation. 

Paper VII. Effect of homogenization temperature on subsequent spinodal decomposition 

during aging in Fe-46.5Cr 

The influence of the homogenization temperature on the phase separation was investigated in 

the present paper. Two different homogenization temperatures (800 and 900°C) and their 

influence on the evolution of phase separation were studied. The results from the hardness 

measurements showed that the specimen solution-treated at the low (800°C) homogenization 

temperature has a stronger hardening trend than the other one. Data from tom probe 

tomography shows the consistent results that the specimen solution-treated at 800°C has a 

more pronounced decomposed structure than that solution-treated at 900°C. The reason for 

this difference is as a consequence of the clustering formation above the miscibility gap. 
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Chapter 7 

Concluding Remarks and Future Work 
 

7.1 Concluding remarks 
The efforts of the present thesis have been dedicated to increase the knowledge of the phase 

separation in ferrite-containing stainless steels since stainless steels are an important type of 

steels in practice. The focus of the present thesis includes: (1) a new method to evaluate the 

wavelength and amplitude of phase separation was proposed. In addition, some other 

phenomena can be analyzed by this method as well, such clustering and elements’ partition. 

(2) The influence of different factors on the phase separation has been thoroughly investigated, 

such as the external tensile stress, dislocations, alloying elements, initial clustering and the 

homogenization temperatures.  

Through the systematic investigation on the ferrite-containing stainless steels, several 

conclusions can be drawn: 

 Atom probe tomography is a very useful technique to study the phase separation in Fe-

Cr alloys and characterize the morphology. Radial distribution function is a very 

effective tool to detect the phenomena of phase separation, clustering and elements’ 

partition. 

 The Langer-Bar-on-Miller method was demonstrated to underestimate the amplitude 

of phase separation for early stages. The new method based on radial distribution 

function was proposed to be able to evaluate both the wavelength and amplitude of 

phase separation in Fe-Cr alloys. In addition, a simple equation was derived to 

calculate the amplitude, which is in good agreement with the results from the radial 

distribution function method. 

 External tensile stress was found to enhance the phase separation in duplex stainless 

steels. High density of dislocations has significant influence on the phase separation 

due to the fact that the defects can facilitate the diffusion phenomenon and phase 

separation is diffusion-controlled process. 

 Cr clustering was detected in the as-quenched specimens with the help of radial 

distribution function. The details show that this clustering comes from the phase 

separation when quenching into miscibility gap. 

 The solution temperatures have significant influence on the evolution of phase 

separation. Cr clustering was found above the miscibility gap, which is in good 

agreement with the theory. More importantly, this Cr clustering plays a very important 
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role in the following aging at 500°C and induces much more pronounced phase 

separation. In addition, the quenched-in vacancies have a significant influence on the 

evolution of phase separation due to that vacancies can facilitate the diffusion. 

 

7.2 Suggestions on future work 
Although the phase separation in Fe-Cr alloys has been studied for more than 70 years, there 

are still several challenges connected to this phenomenon. Some of these challenges are: 

 In order to shed more light on the miscibility gap for high Cr Fe-Cr alloys more 

experimental work should be focused on these alloys.  

 

 The critical temperature of the miscibility gap in the binary system of Fe-Cr is still 

undetermined by experiments. The difficulty in determining the critical temperature is 

that the driving force for phase separation could be negligible when the temperature 

goes close to the critical one of the miscibility gap. Thus the kinetics could be rather 

slow and the phase separation is difficult to detect at the temperatures close to the 

critical temperature.  

 

 Additional experiments should be performed to understand the influence of alloying 

elements on the phase separation comparing to the pure binary of Fe-Cr. Several 

elements have been studied in ternary cases, for instance, Ni has been found to 

enhance the phase separation but the addition of Al seems to suppress the phase 

separation to some extent. However, the reasons for the influence of alloying elements 

on the phase separation are still unclear. It should be considered from the aspects of 

both thermodynamics and kinetics. 

 

 There is an urgent need for the improvement of thermodynamics and kinetics 

databases in the ternary or even multi-component systems for materials design. New 

assessments on the thermodynamics database for ternaries are highly desired. In 

addition, the kinetics database at intermediate and low temperatures is especially 

lacking since most of these experiments were done at rather high temperatures.  

 

 More experimental work should be performed for the in-situ study of the phase 

separation. With the help of modeling on phase separation by either Monte Carlo or 

phase field, the in-situ study of phase separation could be of significant importance to 

compare with the modeling to understand the mechanism under this phenomenon. 

Small-angle neutron scattering is the best solution at present for the in-situ study of 

phase separation in Fe-Cr alloys.  
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