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Abstract 

Duplex stainless steels (DSSs) are important engineering materials due to their combination of good 

mechanical properties and corrosion resistance. However, as a consequence of their ferrite content, 

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

namely, the ferrite decomposed into Fe-rich ferrite (α) and Cr-rich ferrite (α'), respectively. The phase 

separation is accompanied with a severe loss of toughness. Thus, the ‘475°C embrittlement’ 

phenomenon limits DSSs’ upper service temperature to around 250°C.  

In the present work, Fe-Cr binary model alloys and commercial DSSs from weldments were 

investigated for the study of phase separation in ferrite. Different techniques were employed to study 

the phase separation in model alloys and commercial DSSs, including atom probe tomography, 

transmission electron microscopy and micro-hardness test.  

Three different model alloys, Fe-25Cr, Fe-30Cr and Fe-35Cr (wt. %) were analyzed by atom probe 

tomography after different aging times. A new method based on radial distribution function was 

developed to evaluate the wavelength and amplitude of phase separation in these Fe-Cr binary alloys. 

The results were compared with the wavelengths obtained from 1D auto-correlation function and 

amplitudes from Langer-Bar-On-Miller method. It was found that the wavelengths from 1D auto-

correlation function cannot reflect the 3D nano-scaled structures as accurate as those obtained by 

radial distribution function. Furthermore, the Langer-Bar-On-Miller method underestimates the 

amplitudes of phase separation. 

Commercial DSSs of SAF2205, 2304, 2507 and 25.10.4L were employed to investigate the 

connections between phase separation and mechanical properties from different microstructures (base 

metal, heat-affected-zone and welding bead) in welding. Moreover, the effect of external tensile stress 

during aging on phase separation of ferrite was also investigated. It was found that atom probe 

tomography is very useful for the analysis of phase separation in ferrite and the radial distribution 

function (RDF) is an effective method to compare the extent of phase separation at the very early 

stages. RDF is even more sensitive than frequency diagrams. In addition, the results indicate that the 

mechanical properties are highly connected with the phase separation in ferrite and other phenomena, 

such as Ni-Mn-Si-Cu clusters, that can also deteriorate the mechanical properties. 

Keywords: Duplex stainless steels; Ferritic stainless steels; Spinodal decomposition; Phase separation; 

Atom probe tomography; Clustering; Radial distribution function (RDF).  
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1. Introduction 

1.1 Background 

Stainless steels based on the Fe-Cr system are widely used in the industry as one of the most important 

steel classes. As a consequence of the phase separation in ferrite, by either nucleation and growth or 

spinodal decomposition, into Fe-rich (α) and Cr-rich ferrite (α'), respectively, the so-called ‘475°C 

embrittlement’ (Fisher et al., 1953) occurs. The main difference between the two mechanisms is that 

the spinodal decomposition does not require nucleation. The ‘475°C embrittlement’ phenomenon 

seriously deteriorates the mechanical properties, especially the toughness (Sahu et al., 2009). It has 

been proposed that the hardness increase and the toughness decrease in ferrite are due to the coherency 

stresses between α and α' (Cahn, 1963). The theory of spinodal decomposition originates from Hillert 

(Hillert, 1956). Later, Cahn and Hilliard (Cahn & Hilliard, 1958) and Langer et al. (Langer et al., 1975) 

extended the theory of spinodal decomposition. Several experimental techniques have been used to 

investigate the spinodal decomposition in Fe-Cr based ferritic steels e.g. Mössbauer spectroscopy 

(Chandra & Schwartz, 1971), transmission electron microscopy (TEM) (Okada et al., 1978), atom 

probe field ion microscopy (APFIM) (Miller et al., 1982) and small-angle neutron scattering (SANS) 

(Bley, 1992). Until the emergence of atom probe tomography (APT) (Miller et al., 1995) which was 

developed from APFIM, spinodal decomposition could not be quantitatively investigated due to the 

nano-scaled structures and very limited difference between α and α'. By the help of APT, the different 

morphologies of spinodal decomposition and nucleation and growth can be found. From both TEM 

(Nilsson & Chai, 1997) and APT (Xiong et al., 2011), the mechanism of nucleation and growth forms 

an isolated morphology while spinodal decomposition generates an interconnected structure which is 

consistent with the assumption of sinusoidal composition distribution for early stage of spinodal 

decomposition (Cahn, 1961).  

In order to compare the results from experiments with theory two important parameters, amplitude and 

wavelength of the composition fluctuations, must be evaluated by APT. Several different methods 

have been used to obtain the amplitude and wavelength of spinodal decomposition. For the amplitude, 

the Langer-Bar-On-Miller (LBM) method (Langer et al., 1975), see Eq. (1.1), was firstly introduced to 

represent the amplitude from the experimental frequency distribution. This method is the most 

commonly used one nowadays and represents the composition distribution as the sum of two 

Gaussians: 

 ( )  
 

(     )  ⁄  {
  

     
    ( (    )

    ⁄ )  
  

     
    ( (    )

    ⁄ )}     (1.1) 

where,    and     are the two peak compositions, respectively;    is the variance of the Gaussian 

distributions. Thereby the amplitude is given by      . 

Although the LBM method is commonly used to evaluate the amplitude of the phase separation, it has 

several disadvantages. First of all, the block size in LBM method is a crucial parameter (Miller et al., 

1992) since the obtained amplitudes by LBM method will be different when using different block 

sizes. A small block size cannot smooth out the noise while large block size will smooth over the 

composition fluctuations (Hyde et al., 1995). Moreover, LBM method does not give a good fitting for 

asymmetrical frequency diagrams. Hence, it is important to find a better method to evaluate the 

amplitude of phase separation. 
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Another method, the Pa method (Sassen et al., 1987), is based on the assumption of sinusoidal 

distribution of the concentration field, as shown in Eq. (1.2). 

            
   

 
   (1.2) 

Where,    is the average composition;     is the spinodal amplitude; m is the discretization number;  j 

is an integer from 1 to m. The amplitude can also be evaluated using the Variation method (Blavette et 

al., 1988), but the principle of that method is to evaluate the difference between the experimental 

frequency distribution and the binomial distribution, giving no quantitative measurement of the 

amplitude.  

The wavelength can roughly be estimated from the observations of inter-connected structures by using 

high-resolution TEM (HRTEM) (Weng et al., 2004). With the development of APT, the auto-

correlation function (ACF) as shown in Eq. (1.3) was employed to evaluate the wavelength from the 

1D concentration fields (Brenner et al., 1984); later, Hyde et al. (Hyde et al., 1994) further extended 

the ACF method to 3D concentration data. 

   
 

   ∑ (     )(       )
   
     (1.3) 

Where, Ci 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; N is the total number of sample blocks; σ
2
 is the variance of the composition 

of Ci, given by    ∑ (     )
  

   .  

Apart from evaluating the wavelength and amplitude of phase separation APT  has been used  to 

understand the connection between the nano-morphology and the mechanical properties in the 

commercial steels. For instance the G-phase (Danoix et al., 1992) has been found in the intermediate 

regions of α and α' in ferrite-containing stainless steels after long-term aging. The importance of the 

alloying elements has been frequently investigated. Using APT Brown and Smith (Brown & Smith, 

1991) concluded that Ni can significantly accelerate the phase separation when added to Fe-Cr alloys. 

Since the hardness increase and toughness decrease are highly connected with the phase separation in 

ferrite, Kobayashi & Takasugi (Kobayashi & Takasugi, 2010) have investigated the ferritic Fe-Cr-Al 

alloys by measuring the hardness increase when adding different Al contents.  

1.2 Scope of present work 

The aim of the present work is to increase the knowledge about phase separation in Fe-Cr based 

ferrite-containing steels, including the theoretical fundamentals of phase separation, such as the 

amplitude and wavelength of phase separation, and the connection between phase separation and 

mechanical properties.  

Three Fe-Cr binary model alloys were investigated with APT to evaluate the wavelength and 

amplitude of phase separation in ferrite. 

It is known that welds are more embrittled after aging compared to the base metal, e.g. see Hertzman 

(Hertzman, 1999), but the reason for this has not been clear. Therefore, weldments of a number of 

commercial DSSs were investigated to study the connection between mechanical properties and phase 

separation.  
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2. Phase separation 
The phase separation is the phase transformation in which there is only a change in composition but 

not in crystal structure. It mainly includes two kinds of mechanisms, i.e., nucleation and growth, and 

spinodal decomposition. For instance, ferrite in Fe-Cr based steels decomposes into Fe-rich ferrite and 

Cr-rich ferrite (with body-centered cubic (BCC) structure). The mechanisms of nucleation and growth 

and spinodal decomposition are totally different and based on down-hill diffusion and up-hill diffusion, 

respectively. The processes of the two mechanisms are shown in Fig. 2.1. 

           

Figure 2.1 Processes of the two mechanisms of phase separation: (a) spinodal decomposition; (b) nucleation and growth. 
(Porter & Easterling, 1991) 

The reason for the up-hill diffusion in spinodal decomposition is caused by the negative curvature of 

Gibbs energy function in the binary alloy, as shown in Fig. 2.2. 

 

Figure 2.2 Negative curvature of Gibbs energy induced chemical spinodal in binary system (Porter & Easterling, 1991) 

For the chemical spinodal, the interfacial energy and coherency stresses are not considered here. The 

boundary of chemical spinodal satisfies Eq. (2.1) which describes when the sign for the curvature of 
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the Gibbs energy changes. Inside the spinodal, the negative curvature of the Gibbs energy function 

makes the alloy unstable. Thus the spinodal decomposition occurs spontaneously into A-rich domain 

and B-rich domain, i.e. up-hill diffusion.  

   

   
       (2.1) 

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

The interfacial energy was considered by Hillert (Hillert, 1961) and coherency stresses were taken into 

account by Cahn (Cahn, 1961) and then the changes of the molar Gibbs energy of the system is 

expressed as Eq. (2.2). 

   (
   

   
  

  

          )
(   ) 

 
  (2.2) 

Where λ is the wavelength of nano-scaled 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 Modulus, ν is Poisson’s ratio; Vm 

is the molar volume. 

In order for spinodal decomposition to occur, the sum of the second derivation of the Gibbs energy, 

interfacial energy and coherency stresses energy of the system should be negative, as shown in Eq. 

(2.3). 

   

   
  

  

               (2.3) 

So, the condition for the changes of molar Gibbs energy is different compared with that without 

considering the interfacial energy and coherent stress, 
   

   
   . Considering that at the beginning of 

aging,    , so the boundary of spinodal decomposition in this case can be identified by Eq. (2.4). 

   

   
             (2.4) 

From Eq. (2.4), it is obvious that the existence of coherency stresses suppresses both the chemical 

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

 

Figure 2.3 C different types of spinodal lines and miscibility gaps (Porter & Easterling, 1991) 
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Outside the spinodal, the mechanism of nucleation and growth occurs when the energy fluctuation 

overcomes the nucleation barrier. The morphologies of the two mechanisms are different, as show in 

Fig. 2.4, in which the nucleation and growth gives an isolated morphology of α' (Fig. 2.4 (a)). In 

contrast, the spinodal decomposition has the morphology of inter-connected structures (Fig. 2.4 (b), 

(c)). 

 

Figure 2.4 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. the size of the box for analysis is            . (Xiong et al., 2011)  
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3. Atom probe tomography (APT) 

3.1 History and principle of APT 

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

volume e.g. 200*80*80nm
3
. It has been successfully applied to study a wide range of materials, such 

as semi-conducting materials, steels, aluminum alloys and so on.  

The method originates from field emission microscopy, developed in 1936 by Müller (Müller & Tekh, 

1936). Later, Müller applied field emission microscopy successfully to imaging atoms for the first 

time in 1955: field ion microscopy (Müller, 1956). The next development of the technology was to 

identify the individual atoms. In 1968, Müller et al. (Müller et al., 1968) developed the atom probe 

field ion microscope (APFIM) which is the prototype of the APT. APFIM is a combination of a field 

ion microscope and a mass spectrometer. Due to the inefficiency of APFIM in specimen analysis, a 

series of new atom probes was developed in the 1980s. As these instruments produce three-

dimensional images of the specimen, this technique has been termed as atom probe tomography (APT). 

The principle of APT is based on the time-of-flight mass spectrometry. The process of reconstructing 

the local composition of specimen is shown schematically in Fig. 3.1. The samples are first electro-

polished into very sharp tips with an angle of less than 15°. Then high voltage is applied on the tip 

which evaporates the atoms toward the screen. Meanwhile, the evaporated ions are charged by the 

high voltage and then accelerated by the electric field. Finally, the mass-charge ratio is identified by 

the detector. One example of the mass-charge ratio spectrums is given in Fig. 3.2. 

 
Figure 3.1 Processes of specimen reconstruction (Andrén, 2011) 

 

Figure 3.2 Part of the mass-charge ratio spectrum 

3.2 Parameters in APT 

The standard operating temperature in APT varies from around 15K to 70K, depending on which kind 

of material that will be analyzed (Miller, 2000). Fig. 3.3 shows the difference in evaporation field 
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between two different elements (A and B) in the same phase at different temperatures. When 

increasing the temperature, only one element can be evaporated from the specimen by using the same 

voltage pulse. 

 

Figure 3.3 Evaporation field for two different elements at different temperatures (Miller et al., 1996) 

Since the noise in the spectrum is primarily due to the continuous field ionization of residual gas in the 

chamber, it is important to keep as good vacuum as possible, preferably as low as 10
-9

Pa. 

The evaporation field is another important parameter, defined as Eq. (3.1) (Miller, 2000). Its main 

effect is on the charge of the ions during evaporation. In Fig. 3.4, it is shown how the evaporation field 

affects the ionization of Fe with different charges. 

  
 

   
    (3.1) 

Where V is the total voltage including DC and pulse; k is the field factor which depends on the sample 

shapes. In the Local-Electrode-Atom-Probe (LEAP), k is usually 2-5 and default value is 3.3; r is the 

radius of the specimen tip. 

 

Figure 3.4 Evaporation field (V/nm) vs. log10(concentration of different ions) (Kingham, 1982) 

The operating standing voltage could be up to 30kV depending on the sharpness of the specimen. 

According to Eq. (3.1), if the evaporation field is kept constant, a blunt specimen needs higher voltage. 

On one hand, from Fig. 3.3, it can be easily seen that high voltage could give a larger evaporation rate. 

On the other hand, higher voltage means higher electric field. Thus the stress on the specimen tip 

could possibly be large enough to damage it. Thus, finding a suitable voltage is very important. 
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3.3 Application of APT in phase separation 

APT is a very important technique in the study of phase separation in ferrite-containing steels since the 

phase separation gives rise to nano-scaled composition variations in the early stage. By the help of 

APT, it is possible to observe the isolated particles formed by nucleation and growth or the inter-

connected structures from spinodal decomposition after long-term aging from the atom maps, as 

shown in Fig. 2.4. For early stages of phase separation, it is difficult to detect the difference in 

morphology from the atom maps and some other analysis methods need to be introduced. 

With the help of time-of-flight mass spectrometry, the atoms’ distribution in the specimen is 

reconstructed in the software IVAS 3.4.3. The direct information from the reconstruction is the 

distribution of different elements, visible segregation or particles. In the software, the inter-connected 

structures can be easily observed for relatively long-time aged specimens. But for the early stages of 

phase separation, the morphology is difficult to observe. So some other techniques such as frequency 

distribution diagram and radial distribution function are thus introduced for quantitative analysis. For 

example, although it is very difficult to detect the morphology difference between unaged, 10h-aging 

and 100h-aging specimens for Fe-30Cr from the distribution of the elements, but the statistic results 

from frequency distribution diagram is sensitive, as shown in Fig. 3.5. Furthermore, the commonly 

used LBM method is based on the frequency distribution diagram which separates the frequency 

diagram into two Gaussian distribution functions. 
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Figure 3.5 Difference between different aging times for Fe-30Cr in frequency distribution diagram in Fe-30Cr 

Another useful method to quantitatively evaluate the particles or interaction between the same element 

or different elements is the radial distribution function (RDF). The expression of RDF is shown in Eq. 

(3.2). In the phase separation process either nucleation and growth or spinodal decomposition, α' 

formation induces the positive interaction of Cr-Cr curve since the α' domains are rich in Cr. When 

generating the RDF of Cr in the α' domains, the Cr concentration at short distances is higher than 

average composition in this case. On the contrary, when generating the RDF of Cr in the α domains 

which are rich in Fe, there exists a negative interaction on the Cr-Cr curve, as shown in Fig. 3.6. The 

RDF represents the average radial concentration profile starting from each and 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). It is also called radial concentration profile (Miller & Kenik, 2004).  

   ( )  
  ( )

  
 

  ( )  ( )⁄

  
    (3.2) 
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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 standard error for the concentration of element E was estimated according to the procedure in Eq. 

(3.3) (Miller, 2000). Due to the fact that normalized concentration is used in all RDFs, the 

compositional error should be normalized by the average composition of element E. 

    ( )     ( )⁄     (3.3) 

 

Figure 3.6 RDF curves from α' and α regions 

Furthermore, some more information can be extracted from the statistical results of RDFs, such as 

wavelength. When the phase separation is pronounced, the first maximum of the Cr-Cr RDF curve can 

be considered as the wavelength of the phase separation, as shown in Fig. 3.7 (aged for 1000h). The 

other two curves (unaged and aged for 100h) are still in the early stage of the phase separation and 

there exists no maximum on the Cr-Cr curves. 

 

Figure 3.7 Wavelength of phase separation from RDF curves 

In addition, IVAS is also a powerful software to analyze the formation of clusters by an established 

cluster search algorithm (Kolli & Seidman, 2007). The choice of the parameters dmax (maximum 

distance to search for adjacent solute ions) and Nmin (minimum number of solute ions in cluster to be 

considered a cluster) for the cluster analysis was determined step by step in the software to avoid 

generating artificial clusters by comparing with the random distribution.  
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4. Experimental details and methodology 

4.1 Materials and heat treatments 

In the present work, two types of alloys were investigated, binary model alloys and commercial duplex 

stainless steels respectively.  

4.1.1 Model alloys 

All the model alloys are binary Fe-Cr alloys, with different Cr concentrations. Three alloys, named by 

A, B and C (see Table 4.1), were investigated. The alloys were produced by vacuum arc melting, then 

followed by homogenization at1100°C for 2 hours under pure argon, and finally quenched in brine. 

Afterwards, the alloys were aged at 500°C for 100h, 1000h for A, 20h, 200h for B and 10h, 100h for C, 

respectively.  

Table 4.1 Composition of three binary Fe-Cr alloys (at. %) 

 Cr C Si Mn S P N Ni Fe 

A 25.28 0.002 0.09 0.09 0.006 0.004 0.009 0.03 Bal. 

B 30.42 0.004 0.06 0.11 0.008 0.006 0.006 0.02 Bal. 

C 36.10 0.005 0.27 0.09 0.005 0.005 0.008 0.02 Bal. 

 

4.1.2 Commercial alloys 

The chemical compositions of the investigated duplex stainless steels are listed in Table 4.2. SAF 

2205, 2304 and 2507 were all heated to 1350°C without holding time and then air cooled to 1050°C 

before quenching in water (Hertzman & Blom, 2003). This heat treatment procedure was used to 

generate a polygonized microstructure, which is typical for the heat-affected-zone (HAZ) after 

welding. The 25.10.4L sample was cut from an all-weld TIG weld bead. The chemical compositions 

of the different grades are presented in Table 4.2. More details can be found in Paper III. 

Table 4.2 Chemical composition of materials (wt.%). 

Grade C Si Mn P S Cr Ni Mo Ti Cu N Fe 

2205 0.026 0.40 1.63 0.023 0.001 22.00 5.68 3.13 0.004 0.15 0.182 Bal. 

2304 0.023 0.51 1.49 0.027 0.001 22.79 4.8 0.34 0.004 0.3 0.094 Bal. 

2507 0.024 0.24 0.60 0.025 0.001 24.25 7.12 3.85 0.002 0.35 0.285 Bal. 

25.10.4L 0.016 0.37 0.38 0.018 0.01 24.92 9.39 3.87 0.003 0.38 0.232 Bal. 

 

4.2 Details about transmission electron microscopy 

The specimens after aging were first cut into pieces with the thickness of around 0.3mm, and followed 

by mechanical polishing step by step. The final thickness is around 80-100μm. Then they were electro-

polished in the electrolyte of 15% perchloric acid with 85% methanol at around -20°C and followed by 

plasma cleaning. The specimens were analyzed by transmission electron microscope of JEOL JSM-

2100F with the accelerating voltage of 200kV. Selected area electron diffraction (SAED) was 

employed to identify the crystal structures. 
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4.3 Details about atom probe tomography 

Specimens for APT were first cut into around 25×0.3×0.3mm
3
 rods. The rods were subsequently 

electro-polished into sharp needle-like specimens by the standard two-stage electro-polishing method. 

In the first step, a layer of the electrolyte containing 10% perchloric acid, 20% glycerol and 70% 

methanol was floating on top of trichlorotrifluoroethane. In the second step, the electrolyte was 2% 

perchloric acid in 2-butoxyethanol. The analyses were performed using a LEAP 3000X HR at 55 K 

with a voltage pulse fraction of 20%, a pulse frequency of 200 kHz and an evaporation rate of 1%. 

4.4 APT analysis methodology 

 

4.4.1 Evaluation of wavelength and amplitude by RDF 

In RDF analysis of phase separation, the first maximum indicates the statistically closest distance 

between two Cr-rich regions, namely the wavelength of the phase separation. But for early stages of 

the phase separation, there could possibly exist no maximum on the RDF curves. The solution for this 

kind of case is that only Cr-rich regions are chosen to generate the RDF curves by strengthening the 

interaction of Cr-Cr which is called improved RDF. More details are listed in Paper II. 

Since the wavelength of the phase separation has been obtained by either RDF or improved RDF, the 

Fe-rich or Cr-rich domains can be estimated from the wavelength. Assuming that the Cr-rich region is 

located in the center of a cube with the side length corresponding to the respective wavelength of 

spinodal decomposition, and that all the cubes are positioned side by side. So the number of Cr-rich 

domains (or Fe-rich domains) can be approximately calculated by Eq. (4.1). This is consistent with the 

choosing of the wavelength since the wavelength obtained by RDF has the meaning of average 

distance between Cr-rich regions. 

  
 

  
    (4.1) 

Where N is the total number of Cr-rich or Fe-rich regions; V is the total APT probed volume;   is the 

wavelength of spinodal decomposition obtained by RDF analysis. 

By the help of iso-surface in IVAS, the exact number of Cr-rich or Fe-rich domains can be chosen. In 

order to evaluate the amplitude of phase separation, the first point can be considered as the peak of the 

Cr composition profile on the Cr-Cr RDF curve when only the Cr-rich domains are chosen as the 

center to generate the Cr-Cr RDF curve because all the domains considered here are Cr-rich domains 

and the number of the domains are determined by the wavelength obtained by RDF. The crucial factor 

in such analysis of the amplitude is the selection of Cr-rich and Fe-rich domains, which can represent 

the peak and trough compositions. If too many Cr-rich and Fe-rich regions are chosen, the amplitude 

will be underestimated; on the contrary, if too few Cr-rich and Fe-rich regions are chosen, the 

amplitude will be overestimated. This may seem trivial, but the key is to define the composition 

threshold and, hence, in order to obtain accurate domain numbers, the wavelength obtained earlier can 

be used. 

More details are in Paper II about how to obtain the wavelength and amplitude of spinodal 

decomposition. 

Moreover, in order to try and rationalize the determination of amplitude from a theoretical perspective 

it seemed important to derive an expression for the RDF curves in the present thesis. According to Ref. 

(Cahn, 1961), the inter-connected spinodal structure is assumed to have a sinusoidal concentration 
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variation for early stages of spinodal decomposition. The RDF value at distances approaching zero is 

related to the amplitude of this periodic concentration variation. The concentration is described by a 

periodic function f(x,y,z) with wavelength λ. The probability of finding a Cr atom at the position of 

 ⃑(     ) in space is expressed as ( ⃑). In order to generate the RDF curve, the concentration of Cr at 

the distance    from the Cr at  ⃑(     ) should be∫  ( ⃑)   ( ⃑   ⃑ )  ⃑ 
| ⃑ |   

. 

 ( ⃑) should however first be normalized (as in Eq. 4.2) by dividing with the average composition (C0). 

Considering the zero distance for the RDF curve,    should be 0. Then it should be integrated in one 

period of the sinusoidal distribution and normalized by the wavelength cube, i.e. one sinusoidal period 

in 3D. Using Cartesian coordinates (x, y, z) the RDF(0) is given by: 

   ( )  
 

  ∭ (
 (     )

  
)
          

          
        (4.2) 

Where  (     )         (
  

 
(     )) according to Ref. (Cahn, 1961);  

It is then found that    ( )    
  

   
 . Furthermore, the amplitude of spinodal decomposition is 

obtained by: 

      √ (   ( )   )   (4.3) 

Since the first point of the RDF, i.e. RDF(0), is uncertain according to Ref. (Zhou et al., 2012), RDF(0) 

is determined by extrapolating the RDF curve to zero distance. 

4.4.2 Methods used for comparison with RDF 

In order to confirm the results from RDF, 1D ACF analysis (Eq. (1.3)) for wavelength and LBM 

method (Eq. (1.1)) for amplitude were employed in the present work.  

To evaluate the wavelength by 1D ACF, a cube with the size of 20×20×20 nm
3
 was extracted from the 

whole volume to reconstruct the 1D composition profile. In order to keep as much composition 

information as possible, 0.25nm was chosen as the step size. A cube with the length of 1nm was 

moved along x-direction while stepping through the whole volume in the y- and z-directions to 

construct the concentration profile. It should be pointed out that the step size can affect the wavelength 

obtained from ACF analysis and in case a step size of 1nm (same as the cube size) is used, the 

wavelength is seriously overestimated to about 15nm for material C aged for 100h. This is obviously 

incorrect as compared to e.g. Ref. (Brenner et al., 1984). 

For the LBM method, the principle is to separate the frequency distribution diagram into two Gaussian 

curves with the same variance. In this method, the main factor which will affect the analysis results is 

the chosen block size. In order to consider the effect of the block size, three different block sizes were 

chosen in present research, namely 33, 50 and 100 ions, which were often used in previous works 

(Danoix et al., 1992; Read & Murakami, 1996; Hyde et al., 1995). The two peaks from the two 

separated Gaussian curves indicate the peak and trough values of the sinusoidal distribution. 
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5. Summary of appended papers 

Paper I – 3D analysis of phase separation in ferritic stainless steels 

Joakim Odqvist, Jing Zhou, Wei Xiong, Peter Hedström, Mattias Thuvander, Mallin Selleby and John 

Ågren. 

Proceedings of the International Conference on 3D Materials Science, 2012. 

This paper proposes two methods based on radial distribution function in the experimental data and 

fast Fourier transformation in both phase field modeling and data from atom probe tomography to 

obtain the wavelength of phase separation. The results were comparable with that from auto-

correlation function which is commonly used to obtain the wavelength of phase separation for the 

modeling and atom probe results respectively. The wavelength from atom probe results is much larger 

than that from modeling, which could possibly be due to several reasons, for example, the gradient 

energy coefficient is assumed to be constant in the simulation and the effect of coherency stresses and 

anisotropy in elastic properties were not included in the modeling. 
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Paper II - Quantitative evaluation of spinodal decomposition in Fe-Cr by atom 

probe tomography and radial distribution function analysis 

Authors: Jing Zhou, Joakim Odqvist, Mattias Thuvander and Peter Hedström. 

Accepted by Microscopy and Microanalysis, 2013. 

This paper proposes a new method based on the radial distribution function to obtain the wavelength 

and amplitude of spinodal decomposition in binary Fe-Cr system. The results of obtained wavelengths 

and amplitudes were compared with those from other methods, auto-correlation function and LBM 

method respectively to obtain wavelength and amplitude. By comparison of results from different 

method, it is found that the wavelengths from 1D auto-correlation function cannot reflect the 3D nano-

scaled structures as accurate as those obtained from 3D RDF. It is also suggested that the amplitude 

from LBM method is underestimated for the early-stage decomposition. The amplitude from RDF is 

more reasonable for the early-stage decomposition. 
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Paper III - A study of duplex stainless steels aged at 325°C under applied tensile 

load 

Authors: Jing Zhou, Peter Hedström, Joakim Odqvist, Staffan Hertzman and Mattias Thuvander. 

Proceedings of the 7th European Stainless Steel Conference, 2011. 

  The main focus in this paper was on the effect of external tensile load on the phase separation. 

Charpy V energy, macro- and micro-hardness were tested and combined with the results from TEM 

and atom probe tomography to study how the phase separation affects the mechanical properties of 

commercial steels in welding. It was found that the weld metal is most sensitive concerning 

embrittlement and the reason is most likely a combination of phase separation and microstructural 

effects. The effect of load on phase separation, hardness and embrittlement was demonstrated by 

micro-hardness measurements and atom probe tomography where it was found that the sample 

subjected to the highest load during aging had a more pronounced phase separation. 
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Paper IV - Observations of Cu clustering in a 25Cr-7Ni super duplex stainless 

steel during low temperature aging under load 

Authors: Mattias Thuvander, Jing Zhou, Joakim Odqvist, Staffan Hertzman and Peter Hedström. 

Philosophical Magazine Letters, Volume 92, Issue 7, 336-343, 2012. 

This paper reports on a finding of Cu clusters in the 2507 super duplex stainless steels after aging for 

5800h under external tensile load at 325°C. By the assistance of atom probe tomography and a cluster 

search algorithm in the software IVAS, Cu clusters were found in the intermediate regions, i.e. 

between the Fe-rich (α) and Cr-rich (α') regions. Moreover, it was found that Cu clustering is enhanced 

by an applied tensile load. It was suggested that Cu clustering could be part of the reason for the low 

temperature embrittlement of these steels. 
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Paper V - Concurrent phase separation and clustering in the ferrite phase during 

low temperature stress-aging of duplex stainless steels 

Authors: Jing Zhou, Joakim Odqvist, Mattias Thuvander, Staffan Hertzman and Peter Hedström. 

Acta Materialia, Volume 60, 5818-5827, 2012. 

This paper investigates the external tensile stress on the phase separation of the commercial duplex 

stainless steels SAF2205, 2304 and 2507. By the help of RDF, the external tensile stress was 

confirmed to assist the phase separation. The high density of dislocations in the weld bead should be 

the main reason for more-decomposed structures than the polygonized samples, which means that the 

dislocations can also accelerate the rate of phase separation in the commercial steels due to the effect 

on diffusion. Meanwhile, clusters of Ni-Mn-Si-Cu were found between the α and α' regions, which 

was considered as the precursors of G-phase and likely driven by the phase separation. It was found 

that the order of kinetics of decomposition was SAF 2507, SAF 2205 and SAF 2304, from fastest to 

slowest. 

 

  



20 
 

  



21 
 

6. Concluding remarks and future work 
The phase separation in three binary model alloys and four commercial DSSs were experimentally 

investigated in the present work. Different techniques were employed to detect the phase separation in 

ferrite, either from nano-structure or from the deterioration of the mechanical properties. By the help 

of APT, quantitative analysis on phase separation of model alloys based on the radial distribution 

function was proposed and compared with the results from other methods. In addition, four 

commercial DSSs from different regions of weldment were studied with the purpose of finding the 

connection between phase separation and mechanical properties after aging. Furthermore, the effect of 

the external tensile stress on the phase separation of DSSs during aging was considered in the 

experiment. The following conclusions can be made: 

 Atom probe tomography is a powerful technique to study the phase separation in ferrite-

containing steels since the phase separation of ferrite is a nano-scale phenomenon. The 

morphologies due to phase separation by either nucleation and growth or spinodal 

decomposition after long-term aging can be observed by the atom maps of Cr. Moreover, the 

frequency diagram can easily detect the phase separation in ferrite. But for the very early 

stages of phase separation, radial distribution function is a more effective method than the 

frequency diagram. 

 The commonly used LBM method underestimates the amplitude from phase separation in 

binary Fe-Cr alloys. A new method based on the radial distribution function was proposed in 

the present work. The new method can obtain the wavelength and amplitude of phase 

separation. Furthermore, the wavelengths obtained by radial distribution function give a better 

statistical evaluation comparing with the 1D auto-correlation function which cannot reveal 3D 

composition information of the phase separation. 

 The deterioration of mechanical properties in the ferrite-containing steels is highly related to 

the phase separation in ferrite either by nucleation and growth or by spinodal decomposition. 

In most commercial DSSs, other phenomena also occur, such as the formation of G-phase, 

which also deteriorate the mechanical properties. It is difficult to separate the effect of 

different phenomena on the mechanical properties.  

 Alloying elements have a very important effect on the rate of phase separation. Ni was found 

to accelerate the phase separation in ferrite. The kinetic sequence of phase separation in ferrite 

highly depends on the alloying elements. 

 Defects in crystals, such as vacancies, dislocations and grain boundaries, are favorable for 

diffusion-controlled phenomena. It is found that the weld bead is much more decomposed than 

the heat-affected-zone metals and the base metals after aging at the same temperature, which 

is due to the high density of dislocations in weld bead that can assist the phase separation by 

accelerating the diffusivity of alloying elements.   

For the technical applications, it is urgent to find ways to suppress the phase separation of ferrite in 

order to reduce or even eliminate the deterioration of mechanical properties. In future work, more 

factors which could affect the spinodal decomposition in the Fe-Cr system will be investigated, such 

as the effect of different alloying elements (X) on the phase separation in ternary Fe-Cr-X alloys and 

compressive stress.   
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