
 

 

  



Abstract 

The stacking fault energy (SFE) of seven austenitic stainless steels with the compositions 

           ,              and               have been calculated at room 

temperature using the thermodynamics-based Olson and Cohen modeling approach [1]. 

Modeling has been performed using the TCFE7 database together with the Thermo-Calc 3.0 

software. Experimental SFE values from transmission electron microscopy (TEM) 

measurements and theoretical SFE values from ab initio calculations were used for 

comparison. The results of the SFE from TCFE7 were not in agreement with the values 

reported in the literature. After an evaluation of the thermodynamic parameters in the 

database, a new assessment of the SFE in the ternary and quaternary Fe-Cr-Ni and Fe-Cr-Ni-

Mn system was proposed which resulted in SFE values in fairly good agreement with the 

literature. 
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1 Introduction 

1.1 Background 

A fundamental goal in materials science is to control the final physical, mechanical or 

chemical properties of a material. In face-centered cubic (fcc) metals such as austenitic (γ) 

stainless steels, the stacking fault energy (SFE) is believed to play a critical role in 

determining which deformation and/or transformation mechanisms will occur during plastic 

deformation. Consequently, the SFE can to a large extent affect the mechanical behavior and 

mechanical properties of these materials. In materials with low SFE, wide partial dislocations 

will hinder dislocation glide and favor mechanical twinning or at even lower SFE, martensitic 

transformation. Since the SFE depends on chemical composition, alloys with the desired SFE 

can be designed in order to promote certain deformation mechanisms. 

This thesis has been conducted within a research project at Sandvik Materials Technology 

(SMT) in Sandviken, Sweden. SMT is one out of five business areas within the high-

technology and global industry group Sandvik, presented in Figure 1. SMT is a developer and 

producer of advanced stainless steels, special alloys, titanium and other high-performance 

materials [2]. 

 

Figure 1. The five business areas of the Sandvik Group [2]. 

1.2 Problem description 

It is known that low SFE promotes mechanical twinning and martensitic transformation. 

Twinning is reported to occur at SFE’s roughly between            . At lower values 

martensitic transformation is favored and when the SFE exceeds about         , the 

deformation process is only controlled by the glide of dislocations [3]. In order for SMT to 

design alloys that falls within a certain SFE range, an efficient and accurate method for 
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determining the SFE is necessary. With the intention of investigating different methods for 

determining the SFE, SMT has developed seven austenitic stainless steel alloys (see Table 1) 

which are being analyzed regarding SFE and deformation mechanisms.  

The SFE of these alloys have been calculated using ab initio models and measurements of the 

SFE by transmission electron microscopy (TEM) have been carried out during this spring but 

not all alloys have been tested at the time of writing. A third common method for predicting 

the SFE is thermodynamics-based modeling, which is studied in this work. The advantage 

with this type of approach compared to ab initio and TEM measurements is that it is more 

time efficient and easy to perform. Owing to the user-friendly Thermo-Calc (T-C) software 

(see Chapter 3.1) used here, anyone with basic knowledge in thermodynamics may be able to 

perform calculations of the SFE in less than a few minutes for a wide range of systems. The 

major obstacle with the thermodynamics-based modeling is that the hcp phase, which is 

essential in the calculations, is generally not well-described in the thermodynamic databases. 

1.3 Aim of this work 

The aim of this work is to contribute to the development of a thermodynamics-based model to 

calculate the SFE in austenitic stainless steels containing chromium, nickel and manganese. It 

is hoped that the model will be in good agreement to the SFE values from TEM 

measurements and ab initio models for the seven alloys. 

Table 1. Composition in atomic-percent of the studied alloys. Trace elements are at extremely low levels. 

Alloy number Cr [at%] Ni [at%] Mn [at%] Fe [at%] 

1 20 8 0 72 

2 20 8 8 64 

3 20 11 0 69 

4 20 14 0 66 

5 20 14 8 58 

6 20 20 0 60 

7 20 20 8 52 
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2 Stacking faults in fcc alloys 

2.1 Stacking fault theory in fcc alloys 

Austenitic stainless steels have a face-centered cubic (fcc) structure where the atoms are 

arranged in close packed        planes stacked in the sequence ABCABC…, as shown in 

Figure 2. 

 

Figure 2. The face-centered cubic (fcc) structure. 

In fcc crystals, slip occurs on close-packed       planes in       directions. The slip of 

dislocations in such slip systems will leave behind a perfect fcc lattice and are hence called 

perfect dislocations. In fcc alloys however, perfect dislocations often dissociate into two 

partial dislocations, for which the slip direction instead is      . When a single partial 

dislocation, also referred to as a Shockley partial, passes through the crystal, it creates a 

region in which the normal stacking sequence is faulted. This faulted region is called a 

stacking fault (SF).  

Let us consider the specific case of a perfect dislocation with the slip system        ̅   . The 

resultant Burgers vector corresponding to the displacement of one atom diameter will be 

       ̅   . The dissociation process may then be written as [4]: 

       ̅           ̅           ̅  ̅  

A geometrical representation of the Burgers vector for a perfect dislocation and the Burgers 

vectors for two partial dislocations are shown in Figure 3.  The A layer of atoms is 
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represented by circles and the B and C layers are indicated by letters. When the perfect 

dislocation slips in the lattice, the B atoms are moved along vector        ̅   , still 

remaining in B position after passage. However, an examination of the slip process reveals 

that it is energetically favored for the perfect dislocation to dissociate into two partial 

dislocations: Since the energy per dislocation length   is proportional to the Burgers vector  

  in square      the driving force for the dissociation process is proportional to       

which means that it is easier for the B atoms to move along a zigzag path in the valleys 

between the A atoms instead of “climbing over” them. The first partial dislocation with vector 

       ̅    will move the B atoms into C position, which will produce a defect crystal 

containing a SF with the stacking sequence ABCACABC…. It appears as if the B layer has 

been removed from the stacking sequence. The correct stacking of the fcc lattice will not be 

restored until the second partial dislocation passes. Thus, the partial dislocations represent the 

boundary that separates the stacking fault from the perfect lattice [5]. 

 

Figure 3. Illustration of the fcc lattice where the slip of a perfect dislocation and a partial dislocation is represented by 

arrows. 

The fault described above, i.e. with the stacking sequence ABCACABC..., that is created by 

the passage of a single Shockley partial is called intrinsic. An intrinsic SF is considered to 

consist of two planes of hexagonal close packed (hcp) structure. It should be noted that there 

also is a different type of stacking fault defined in the literature, the so called extrinsic SF or 

twin SF which has a stacking sequence of ABCACBCAB… The extrinsic SF appears as if an 

additional C layer has been inserted in the fcc lattice, which produces a twin with the stacking 

sequence ACB. The extrinsic SF is created by the passage of single Shockley partials on two 
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consecutive planes. The first layer of atoms will be moved from B to C position, as described 

above, but the consecutive layer will be moved from C to B position when the next single 

Shockley partial passes. In Figure 4, the stacking sequence for a perfect fcc lattice is 

compared to the stacking sequence of an intrinsic and extrinsic SF [6].  

 

Figure 4. Stacking sequence for a (a) perfect fcc lattice, (b) intrinsic SF and (c) extrinsic SF. 

The thermodynamics-based approach for calculating the stacking fault energy, which is 

described in Chapter 4, only consider the intrinsic SF. Further on in this thesis, it will only be 

referred to the intrinsic SF and intrinsic SFE, unless stated otherwise.  
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2.2 Stacking fault energy in fcc alloys 

The atoms of the stacking fault in fcc have an hcp arrangement. Since this is not the 

equilibrium structure, the SF increases the total energy of the lattice. The energy per unit area 

of the fault is called stacking fault energy and it determines the area of the fault, i.e. the 

separation distance between the partial dislocations. The equilibrium separation distance   is 

the balance between repulsive and attractive forces between the partials. The repulsive force 

is due to the partials elastic interaction which will push them away from each other, but since 

the hcp structure of the faulted area has a higher energy than the normal fcc lattice, the partial 

dislocations are prevented from splitting too far apart [4]. 

Figure 5 shows an illustration of the SF. The equilibrium width of the SF is inversely 

proportional to the SFE,          which means that a wide faulted area will be created in 

alloys with low SFE and vice versa [4]. 

 

Figure 5. Equilibrium distance    between two partial dislocations [4]. 

One way of determining the SFE is by measuring the distance   between the partial 

dislocations using transmission electron microscopy (TEM). Other ways of estimating the 

SFE includes calculation via ab initio models and of course thermodynamics-based models. 

These different methods will be presented in Chapter 4 and Chapter 5.  
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2.3 Influence of different parameters on the stacking fault energy in fcc 

alloys 

2.3.1 Chemical composition 

The chemical composition is the most important parameter of the SFE. Many empirical 

relationships between the SFE and the composition [7, 8, 9, 10, 11, 12] have been proposed 

over the years. However, the empirical formulas are limited to certain composition ranges and 

temperatures and fail in reproducing the compositions nonlinear effect on the SFE. 

Several studies investigate different alloying elements effect on the SFE [13, 14, 15, 16, 17, 

18, 19, 20, 21, 22] [23, 24] and some alloying elements seem to have a clear effect on the SFE 

while some others seem to have a more complex relationship.  

Vitos et al. [20] studied the effect of chromium and nickel content in the Fe-Cr-Ni system and 

compared their results with outcomes of previous authors, which can be seen in Figure 6 and 

Figure 7. The results indicate that the SFE is reduced by increasing chromium content while 

nickel has the opposite effect on the SFE. 

 

Figure 6. Effect of chromium content on the SFE in Fe-(13-25)Cr-(13-16)Ni alloys [20]. 
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Figure 7. Effect of chromium content on the SFE in Fe-(17-19)Cr-(8-20)Ni alloys [20]. 

Lee and Choi [19] studied the influence of manganese on the SFE in the Fe-Mn system and 

compared their results with the results of previous authors, which can be seen in Figure 8. 

Their results indicate that manganese decreases the SFE at lower concentrations while 

increasing it at higher. The same trend was also shown in [25]. The minimum of the SFE in 

the Fe-rich corner of the Fe-Mn system is of great importance for the development of high 

performance steels with low SFE’s such as TWIP steels [11]. 
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Figure 8. Effect of manganese content on the SFE in the Fe-Mn system [19]. 

When analyzing the literature, it is obvious that the composition dependence is highly 

complex. The same alloying element can cause opposite changes in the SFE with different 

host composition. The literature indicates that there are no universal composition equations 

for the SFE. Several alloying elements, and their interaction with each other, are yet to be 

examined.  

2.3.2 Temperature 

Rémy and Pineau [26] studied the temperature dependence of the stacking fault energy in 

twenty-three different fcc metals and alloys. They concluded that the SFE strongly depends 

on the temperature and that an increased temperature gives an increased SFE. Wan et al. [27] 

studied the influence of temperature on the SFE for eight Fe-based alloys and came to the 

same conclusion as Rémy and Pineau. 

Curtze et al. [3] studied the influence of temperature on the SFE of ten austenitic steels, 

shown in Figure 9. They found, in agreement with previous authors, that higher temperatures 

give higher SFE’s. 
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Figure 9. SFE of ten austenitic steels as a function of temperature [3]. 

2.3.3 Grain size 

Jun and Choi [28] studied the correlation between grain size and SFE in austenitic Fe-Mn 

alloys, see Figure 10. They showed that a decreasing grain size below 35 µm abruptly 

increases the SFE. At grain sizes over 35 µm, the trend levels off and the SFE comes into a 

saturation region where the grain size no longer affects the SFE.  
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Figure 10. Effect of grain size on the SFE in the Fe-18wt%Mn alloy. [28] 

Lee and Choi [19] studied Fe-Mn alloys with a grain size in the range of 5-35 µm and found 

in accordance with Jun and Choi’s work that the SFE steeply decreases with increased grain 

size. They expressed an empirical relation between the grain size and the SFE which was later 

adopted by Saeed-Akbari et al. [25] for high-manganese steels with a grain size of 5-50 µm. 

However, Saeed-Akbari et al. showed that the grain size effect on the total SFE is small in 

comparison with the temperature and alloying effects.  

It should also be emphasized that it is unclear if and how the grain size affects the SFE in 

austenitic stainless steels, since no literature is found for such alloys. 
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2.4 The stacking fault energy’s influence on mechanical properties in fcc 

alloys 

2.4.1 Deformation mechanisms 

The occurrence of different deformation mechanisms in austenitic steels is dependent on the 

value of the SFE. There are two competitive deformation mechanisms in steels to dislocation 

glide; namely mechanical twinning and ε martensite (hcp) transformation. Low SFE promotes 

twinning and even lower SFE martensite transformation instead of dislocation glide, which 

occurs at higher SFE. The magnitude of the SFE is approximately         ⁄  for 

martensite transformation,          ⁄   for twinning and        ⁄  for dislocation 

glide [29].  

The twin and hcp structure is shown in Figure 11. The hcp structure is formed by the motion 

of single Shockley partials on every second close-packed plane, that is to say formation of 

intrinsic SF’s on every second plane. By the same principle the twin structure is formed by the 

motion of Shockley partials, but here instead on neighboring planes. When comparing the 

formation of the hcp and twin structures, it is obvious that the formation mechanisms for the 

two structures are very similar. In fact, both structures can be observed within the same shear 

bands and the mechanisms are clearly correlated through the concept of stacking fault energy 

[30].  

 

Figure 11. Stacking sequence for the (a) hcp structure and (b) twin structure. 

During plastic deformation, partial dislocations must move together across the slip plane. 

When two partial dislocation lines meet, they act as obstacles for each which affects both the 
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process of dislocation intersection and cross-slip. Since partial dislocations can neither bypass 

each other or cross-slip, large dislocation pile-ups will be formed which will give rise to work 

hardening. 

To enable dislocation intersection and cross-slip, the partials have to constrict, i.e. the partial 

dislocations have to come together and become a perfect dislocation. The energy necessary 

for the constriction increases with increasing width between the partials. Consequently, the 

constriction process is more energetically costly in metals with low SFE and a larger 

deformation hardening rate is therefore expected. Since the constriction process is thermally 

activated, an increased temperature gives an increased tendency of dislocation intersection 

and cross-slip, thus a decrease in hardening rate [5]. 

2.4.2 Industrial application: TWIP steels 

The main industrial interest with controlling the SFE is to design materials with the desired 

deformation mechanism and thus mechanical properties. Two of the most important 

properties for structural materials are strength and ductility. However, these properties are 

often mutually exclusive, which means that a metal with high strength often has a low 

ductility and vice versa. Twinning Induced Plasticity (TWIP) steels however have a unique 

combination of both high strength and high ductility and have lately therefore been the object 

of intense scientific research. High manganese TWIP steels are currently one of the most 

attractive materials in the automotive industry. In Figure 12, the tensile strength and fracture 

elongation is shown for different steels that historically have been used in the automotive 

industry. Years in the figure indicates the beginning of development by steelmakers [30]. 
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Figure 12. Fracture elongation as a function of ultimate tensile strength (UTS) for steels that historically have been 

used in automotive applications [30]. 

A twin, like a grain boundary, presents a strong barrier for slip. As twins are formed during 

deformation, barriers will be created which gradually reduces the mean free path for 

dislocations glide. As the material is deformed, piled-up groups of dislocations will be trapped 

at the twin boundaries and give rise to work hardening, which is what gives the TWIP steel its 

unique strain-hardening properties [30]. 
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3 Thermodynamic modeling of multi-component systems 

As will be presented later in this thesis, the Thermo-Calc (T-C) software was used to calculate 

the Gibbs energy differences, which are required for calculating the SFE. The thermodynamic 

databases that are used together with T-C have been developed using the so-called 

CALPHAD approach. In this chapter, an introduction to this approach within the research 

field Computational Thermodynamics will therefore be given. In addition, a brief description 

of the substitutional solution model used for the fcc and hcp phases will be given so that the 

subsequent chapters can be followed by the reader in a self-contained manner. 

3.1 Computational Thermodynamics 

In 1970, Kaufman and Bernstein [31] first presented the CALPHAD method which is used to 

model complex equilibria in multicomponent alloys. CALPHAD is an acronym for 

CALculation of PHAse Diagrams, but was later expanded to refer to Computer Coupling of 

Phase Diagrams and Thermochemistry [32]. The CALPHAD method is a modus operandi to 

collect and describe the thermodynamics of a system. First, all available experimental and 

theoretical information on phase equilibria and thermochemical properties on a system is 

collected. The thermodynamic properties of each phase are then described through Gibbs 

energy, expressed as a function of constitution, pressure and temperature. The mathematical 

expression contains model parameters that are evaluated through an optimization procedure 

when they are fitted to all the assessed information (experimental as well as theoretical). It 

should be noted that sometimes, contradictory data is found in the literature which 

complicates this assessment. It can therefore be necessary to neglect some data sets that in 

some way seem less reliable or are in contradiction to the rest of the information. The result of 

the optimization is a complete description of the thermodynamics of the system where each 

phase is represented by a Gibbs energy expression. Such descriptions of lower order systems 

can be combined into a larger database and be used to make extrapolations to higher order 

systems. It is thus possible to calculate thermodynamic properties of multi-component 

systems where no experimental data is available. The CALPHAD method is used with great 

success in calculations for technical and industrial applications. 

Thermo-Calc (T-C) [33] is a well-known computer software for thermodynamic calculations 

in multi-component systems. T-C can for example be used to calculate any kind of phase 

equilibria: phase diagrams, thermodynamic properties of pure substances, compounds and 

solution phases. It can also be used to calculate metastable states and driving forces. 



16 

 

3.2 Thermodynamic model 

According to the Gibbs-Duhem relation, the molar Gibbs energy   
  of a solution of phase   

at constant pressure and temperature is given by: 

   
  ∑  

   
  (1)  

where   
  and   

  is the mole fraction and chemical potential of pure element   in phase   

respectively.  

The physical, random mixing of the components in a substitutional solution contributes to the 

molar entropy by        ∑  
     

 . The simplest model of a solution is the so called 

ideal solution model. A solution is said to be ideal if there are no interactions between the 

components in addition to those present in pure elements. For an ideal solution the Gibbs 

energy change upon mixing is only due to the change in entropy, i.e. the enthalpy of 

mixing        , which gives the chemical potential of each component in a phase  : 

   
     

        
  (2)  

where   is the gas constant and   the temperature and    
  is the molar Gibbs energy of pure 

component   in phase  , which usually is expressed as a power series of temperature: 

    
              ∑    (3)  

where  ,  ,   and   are coefficients and   are integers.  

When combining Eq. (1) and (2), one obtains the following expression for the molar Gibbs 

energy of an ideal solution: 

   
  ∑  

    
    ∑  

      
  (4)  

In reality though, there will always be some deviation from ideality and a term describing this 

deviation is added, the molar excess Gibbs energy,   
  

 
 , which gives the following 

expression: 
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  ∑  

    
    ∑  

      
    

  
 
  (5)  

When there is a magnetic contribution to the Gibbs energy, an additional term that accounts 

for the magnetic ordering   
   

 
  is also added to the expression above, which gives the final 

expression: 

   
  ∑  

    
    ∑  

      
    

  
 
     

   
 
  (6)  

This is a substitutional solution model [34], which is often used in thermodynamic databases 

to describe the Gibbs energy of e.g. the fcc and hcp phases. In the sections below, the excess 

Gibbs energy and the magnetic ordering will be described. 

3.2.1 Excess Gibbs energy 

The molar excess Gibbs energy   
  

 
  may depend on composition and temperature. For a 

binary system    it is often described as: 

   
  

 
  ∑  

   
    

  (7)  

where    
  can be regarded as the chemical interaction between the two components   and   

and is commonly described by a Redlich-Kister [35] polynomial: 

 
   

  ∑    
 

 
        

 

 

   

 (8)  

where    
 

 
  are model parameters which can either have constant values or be a function of 

temperature. If     then the solution is referred to as regular. 

Inserting     in Eq. (8) gives: 

   
     

 
 

     
 

 
         

and the solution is then referred to as sub-regular. Higher-order terms may also be 

considered. 
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3.2.2 Magnetic ordering 

The magnetic ordering-disordering phenomenon modifies the Gibbs energy of the phases. 

Hillert and Jarl [36] presented a model, based on the work of Inden [37], which describes the 

magnetic contribution to the Gibbs energy. This model is often referred to as the Inden-

Hillert-Jarl (IHJ) model, where the molar Gibbs energy due to magnetic ordering   
   

 
  of a 

phase   is expressed: 

    
   

 
      (    ) (  ) (9)  

where    is the mean magnetic moment of phase   and  (  ) is a polynomial function 

          
 , where      

  is the magnetic transition temperature. 

The function  (  ) contains a conditional statement which accounts for the change in 

magnetic state, i.e. above and below the magnetic transition temperature: 

 

 (  )  

{
 
 

 
   

 

 
[
     

    
 

   

   
(
 

 
  )(

  

 
 

  

   
 

   

   
)]          

 
 

 
(
   

  
 

    

   
 

    

    
)                                                      

 (10)  

and 

 
  

   

    
 

     

     
(
 

 
  ) (11)  

where    is the ratio of the magnetic enthalpy in the paramagnetic state to the total magnetic 

enthalpy, also called the structure factor. For the fcc phase       , which gives     

           . 
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4 Thermodynamic model for calculating the stacking fault 

energy 

In this chapter, a detailed description of the thermodynamic approach for calculating the SFE 

is presented. The general considerations of the model are presented together with a short 

introduction to the formula used for calculations. Thereafter, an evaluation and discussion of 

the model will be conducted based on the parameters in the model. 

4.1 General considerations 

In 1976, Olson and Cohen [1] presented a new thermodynamics-based model for calculating 

the SFE in fcc metals in which the SF is presented as a second-phase martensitic embryo 

separated from the matrix by a phase boundary on each side. Olson and Cohen discussed the 

origin of the hcp embryo, and hypothesized a finite symmetric tilt boundary segment in which 

a group of dislocations spaced two planes apart dissociate simultaneously. This will cause a 

pile-up of   intrinsic SF’s on         close-packed planes, with      , which are 

bounded by Shockley partials with a length   separated at the equilibrium distance  . The 

dissociation process is illustrated in Figure 13. 

 

Figure 13. Possible particle formation of the hcp martensitic embryo [38]. 

With this representation Olson and Cohen find that the SFE includes both volume and surface 

energy contributions which is according to the classical nucleation theory. The SFE of such a 

fault may be expressed in terms of the molar Gibbs energy difference between the hcp phase 
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of the stacking fault phase (SFP) and the fcc phase of the matrix     
   

, a strain energy 

  
   

and a surface energy  . The SFE per unit area      is expressed as: 

        (    
   

   
   )      (12)  

where    is the molar surface density in a close packed plane in moles per unit area which is 

related to the lattice parameter of the fcc phase   , as follows: 

 
  

 

√ 

 

    
  (13)  

where    is Avogadro’s constant.  

This approach has later been extensively used in the literature for calculating the SFE in 

austenitic stainless steels [3, 17, 24, 39], Fe-Mn alloys [11, 19, 28, 38], high manganese 

austenitic steels (TWIP steels) [11, 16, 23, 25, 40, 29, 41, 42, 43]  and shape memory alloys 

[10]. 

The surface density is calculated through the lattice parameter, which in most cases is 

determined by X-ray diffraction (XRD). Ferreira and Müllner [17] obtained            for 

the Fe-Cr-Ni stainless steel grade AISI310 while Curtze et al. [3] got the average value 

              for ten Fe-Cr-Ni-Mn steels. Several of the above mentioned authors also 

determined the lattice parameter using XRD in austenitic steels and the values vary 

between            . The dependence of the lattice parameter of austenite on alloying 

elements is reported by Babu et al. [44] and Ridley et al. [45]. But since the lattice parameter 

variation is very small for alloys with similar compositions, most authors have assumed a 

constant lattice parameter. Both Sumin et al. [46] and García de Andrés et al. [47] reported a 

linear temperature dependence of the lattice parameter, but all authors neglected the 

temperature dependence since the lattice parameter will only increase approximately a few 

hundredths Ångströms by a thousand degree temperature increase. 

The calculation procedure for the molar Gibbs energy difference between fcc and hcp was 

described in Chapter 3.2 and it was shown that the Gibbs energy of a phase depends on 

composition and temperature. The above mentioned authors choose different sets of 

thermodynamic data from the literature for this calculation and depending on what datasets 

are chosen, completely different results of the Gibbs energy may be obtained. Some 

thermodynamic datasets in the literature are compared to the TCFE7 database in Chapter 7.4. 
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Olson and Cohen neglected the strain energy contribution since it was found to be small in 

comparison to the other terms. Therefore, most subsequent authors neglect the strain energy. 

However Ferreira and Müllner [17, 48] argued that the strain energy contribution cannot be 

neglected and should be included in the calculation. A discussion on this matter will be 

carried out in Chapter 4.3. 

The value of    has been found to vary between           , which makes it the largest 

contributing factor to the stacking fault. All authors have chosen a value for the surface 

energy as to get results of the calculated SFE that fit with experimental values of the SFE. In 

other words, the surface energy term has been used as a fitting parameter. The surface energy, 

and the general lack of understanding of it, will be discussed in Chapter 4.4. 

4.2 Gibbs energy modeling 

The formation of the stacking fault is considered to undergo the phase transformation γ→ε 

and owing to this representation, the change in molar Gibbs energy for this transformation 
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(14)  

where     
   

 is the change in lattice stability,      
   

 the change in molar excess Gibbs 

energy and       
   

 the change in magnetic Gibbs energy upon     transformation. The 

equation has been modified by some authors; a couple of authors add contributions to the 

Gibbs energy from segregation in steels containing nitrogen, while a couple of others take the 

grain size effect into account for steels with small grain sizes. These modifications have a 

small impact on the total value of the SFE and only apply in specific cases and will therefore 

not be examined any further. 

Curtze and Kuokkala [29] calculated the SFE in some high manganese TWIP steels and 

performed an interesting review of the molar Gibbs energy difference between fcc and hcp. 

They distinguished between chemical and magnetic contribution, where the chemical part 

consist of the two first terms in Eq. (14) and the magnetic of the last term in the same 
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equation. These contributions are presented separately as a function of temperature and are 

compared to the total SFE, as can be seen in Figure 14. 

 

Figure 14. SFE of a TWIP steel as a function of temperature, broken down into components of chemical, magnetic 

and interfacial contributions [29]. 

They found that the magnetic contribution to the SFE is strong at low temperatures but levels 

off with increasing temperature. The chemical contribution is negative at lower temperatures, 

but steadily increases with increasing temperature and becomes positive, in this case, around 

room temperature. 
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4.3 Strain energy 

A partial dislocation introduces an additional strain field around the stacking fault due to the 

distortion of the lattice. The energy associated with this strain field is called the strain energy. 

According to Olson and Cohen, the strain energy contribution to the total SFE is less than 

0,1% and therefore the majority of subsequent authors neglect the strain energy term. 

However, when evaluating the results of Olson and Cohen, it is found that the strain energy 

contribution is much larger than 0.1%.  

Ferreira and Müllner [17, 48] and Cotes et al. [38] are the only authors that consider the strain 

energy term in their SFE calculations. Cotes et al. studied Fe-Mn alloys and the strain energy 

calculation was performed in the same way as Olson and Cohen. The results of Cotes et al. 

are close to that of Olson and Cohen. Ferreira and Müllner studied austenitic stainless Fe-Cr-

Ni steels and presented an alternative way of calculating the strain energy. They found that 

the strain energy was too large to be neglected when calculating the SFE. 

In this section, the model and results by Olson and Cohen [1] and Cotes et al. [38] will be 

compared to that of Ferreira and Müllner. The differences between the models will be 

investigated and evaluated. 

4.3.1 The strain energy model proposed by Olson and Cohen  

Olson and Cohen [1] estimated the strain energy contribution to the SFE by assuming 

isotropic linear elasticity where the SFP is considered as a particle of spherical shape. The 

molar strain energy   
    was considered as the sum of a dilatational   

    and shear 

  
   contribution: 

   
      

      
   (15)  

Olson and Cohen referred to the theory presented by Eshelby [49] where the strain energy per 

unit volume for pure dilatation and pure shear respectively was expressed by: 
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where   is Poisson’s ratio,   is the shear modulus,   
   

 and   
   

 are the molar volumes of 

fcc and hcp respectively,   is a shape dependent parameter and   
  is the energy per unit 

volume necessary to pull the particle back to its original shape in the absence of the matrix. 

  and   were assumed to be the same for the particle and matrix.   
  and   respectively, may 

be expressed by: 

   
       

  (18)  

 
  

    

       
 (19)  

where,     is the contraction along the hcp c axis due to the γ→ε transformation. 

Olson and Cohen assumed the particle in the early stages of nucleation to have a spherical 

shape. In that case, the strain energy is independent of shear direction and the    
  term may 

be expressed: 
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When combining Eq. (15-20), the total molar strain energy becomes: 
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(21)  

Olson and Cohen assumed Poisson’s ratio          and shear modulus       

       ⁄ , which are typical values for austenitic stainless steels. The values of   
   

 and 

  
    were taken from the doctoral thesis of F. Lecroisey, but it is unclear which values were 

used in the calculation since these are not specified. They also referred to Lecroisey’s work 

which should indicate that the γ→ε transformation is accompanied by a 1% contraction along 

the hcp c axis and therefore they set           . Again, it is unclear how the value was 

obtained. When accepting these values, Olson and Cohen obtained the total molar strain 

energy   
              ⁄ . This value can be converted into energy per unit area by 

multiplying with the surface density, according to Eq. (12). By assuming the typical surface 
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density                 (the lattice parameter         ) the strain energy per unit area 

becomes    
              . 

Cotes et al. [38] studied the γ→ε transformation in the Fe-Mn system and calculated the strain 

energy by the same principles as Olson and Cohen according to Eq. (21). They set Poisson’s 

ratio         and the shear modulus was calculated as a function of the bulk modulus, 

which is composition dependent. The molar volumes of fcc and hcp   
   

 and    
    as well as 

the contraction along the hcp c axis,     were calculated by the following relations: 
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where   is the distance between close-packed planes and      and      are the lattice 

parameters for fcc and hcp respectively. The lattice parameters were obtained by XRD. They 

expressed the molar strain energy    
   

 as a function of the Mn content, which is presented in 

Figure 15. 
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Figure 15. The total molar strain energy as the sum of a dilatational and shear contribution [38]. 

The total molar strain energy contribution to the SFE in the Fe-Mn system was 

approximately            , which can be seen in Figure 15 above. Assuming the typical 

surface density               (the lattice parameter         ), the strain energy per 

unit area is approximately    
                   .  

4.3.2 The strain energy model proposed by Ferreira and Müllner 

Ferreira and Müllner [48] discussed the strain energy contribution to the SFE based on the 

assumption of isotropic elasticity and later also included the strain energy in the calculated 

SFE in some Fe-Cr-Ni austenitic steels [17]. Olson and Cohen assumed the SFP as a spherical 

particle, but this representation was questioned by Ferreira and Müllner, who instead 

suggested representing the SFP as a coherent plate-like precipitate that is terminated within 

the crystal. With this representation, the strain energy per unit area   
   

 can be expressed: 

 
  

      
   

      
 (22)  

where s is the interplanar spacing between close-packed planes, which is a function of the 

lattice parameter   according to: 

   
 

√        
 (23)  

Ferreira and Müllner studied the 310 type steel among others and set Poisson’s ratio and the 

shear modulus to         and               ⁄  respectively. From the work of 

Tisone [50], they assumed the contraction to be independent of composition and 
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approximately    along the hcp c-axis,        . They also measured the lattice parameter 

to          by XRD. Insertion of these values in Eq. (22) give the strain energy contribution 

to the SFE    
              . 

4.3.3 Comparison of the models 

The strain energies of Cotes et al. [38] in the Fe-Mn binary system is close to that of Olson 

and Cohen [1] in the Fe-Cr-Ni system,           and            respectively. The strain 

energy calculated by Ferreira and Müllner [17]    
               is almost twice as large 

as that of Cotes et al. and Olson and Cohen. 

There is a fundamental difference between the two models; the assumed shape of the SFP. 

Olson and Cohen assumed that it has a spherical shape while Ferreira and Müllner treated it as 

a platelet. It is difficult to determine which of these representations are more accurate. 

The values for Poisson’s ratio and shear modulus are similar in the calculations. The 

contraction for the fcc to hcp transformation though assumed by Ferreira and Müllner is twice 

as large as the one assumed by Olson and Cohen;    and    contraction respectively. Lee et 

al. [51] made a first-principles investigation of the energetics and electronic structure of fcc 

and hcp Fe and roughly found an    contraction along the hcp c-axis during γ→ε 

transformation. The experimental results of Dubrovisky et al. [52] and Marinelli et al. [53] 

also indicated an approximate    contraction for pure iron and Fe-Mn alloys respectively. 

With this evidence, it seems more likely that the contraction is    as Ferreira and Müllner 

suggest. 
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4.4 Surface energy 

The surface energy   includes all differences between the SFP and the matrix [1]. The surface 

energy is the largest factor that governs the SFE. The values reported in the literature for 

  lies between            at room temperature and can be found in Table 2. 

Table 2. Surface energy between fcc and hcp phases reported in the literature 

System Surface energy   [mJ/m
2
] Reference 

Fe-Cr-Mn-N 4 [24] 

Fe-30at%Mn-0.9at%C-xAl  5-15 [16] 

Fe-Mn-C 5-20 [25] 

Fe-Cr-Ni 7 [17] 

Fe-Cr-Ni-Mn-Al-Si-Cu-C-N 8 [3] 

Fe-22wt%Mn-0.6wt%C-Cu-Cr-Al-Si 8 [40] 

Fe-Mn-Al-Si-C 8 [29] 

Fe-20wt%Mn-1.3wt%C-Cu 8 [23] 

Fe-Mn-Si-C 9 [41] 

Fe-22wt%Mn-0.6wt%C 9 [42] 

Fe-Cr-Ni 10 [39] 

Fe-Cr-Ni 10-15 [1] 

Fe-Mn 13-20 [38] 

Fe-18wt%Mn 15 [28] 

Fe-Mn 15 [19] 

Fe-Mn-C 16 [43] 

No measurements of the surface energy seem to be available in the literature. When analyzing 

the literature, it is obvious that the authors adjust the value of the   parameter to reproduce 

chosen sets of experimental results. The procedure to estimate the   term is as follows; First, 

using Eq. (12) and neglecting the possible temperature and composition variation of  , the 

following expression for the surface energy is obtained: 

   
    

 
           

      (24)  
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Values for the      term are then obtained from experimental measurements, which are 

inserted in Eq. (24) to calculate the surface energy. In the literature, no attempts to model the 

surface energy are made. 

Olson and Cohen [1] discussed the possible temperature dependence on the surface energy in 

Fe-Cr-Ni steels and their results of the surface energy’s dependence on the temperature was 

reproduced by Saeed-Akbari et al. [25], which can be seen in Figure 16.  

 

Figure 16. Variations in surface energy by changing the temperature and composition in the Fe-Cr-Ni system [25]. 

The results in Figure 16 show that the surface energy decreases with an increasing 

temperature.   

Cotes et al. [38] studied the relation between surface energy and temperature in the Fe-Mn 

system, their results are presented in Figure 17. 

 

Figure 17. Variations in surface energy by changing the temperature and composition in the Fe-Mn system [38]. 
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These results also show that the surface energy decreases with increasing temperature but 

despite this, most authors assume that it is independent of temperature due to lack of data and 

physical understanding of this relationship. 

According to Bouaziz et al. [30] improvements regarding the understanding and modeling of 

the surface energy are expected from ab initio calculations. Lee et al. [51] made a first-

principles study on the surface energy between fcc and hcp for pure iron, but the surface 

energy was found to be negative (          ) and they concluded that further work needs 

to be done in order to get a fundamental understanding of iron interfaces and that their work 

should only be considered as an initial step. 
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5 Other methods for determining the stacking fault energy 

In this chapter the two other common methods for estimating the SFE will be presented; the 

experimental observation of dislocation phenomena using transmission electron microscopy 

(TEM) and ab initio modeling based on density functional theory (DFT). The aim is to give 

the reader a wider perspective on the determination of SFE.  

5.1 Transmission Electron Microscopy 

Measurement of the SFE using TEM in low SFE metals such as austenitic stainless steels are 

most often based on direct observations of either Shockley partial dislocations or dislocation 

nodes [54]. According to Cockayne [54] the weak-beam dark-field (WBDF) method of TEM 

is regarded to be the best electron imaging method available for studying these dislocation 

phenomena since this technique makes it possible to study individual lattice defects more 

detailed compared to normal dark-field images. 

5.1.1 Observation of dislocation phenomena 

5.1.1.1 Shockley partials 

A direct method of determining the SFE is to measure the separation width between Shockley 

partials. As stated in section 2.2, the equilibrium width of the stacking fault is inversely 

proportional to the stacking fault energy. This may be expressed by [54]: 

 
     

   
 

 
 (25)  

where      is the SFE,   is a function of the orientation of the dislocation line and    is the 

Burgers vector of the partial dislocations and   is the equilibrium width of the SF. 

5.1.1.2 Dislocation nodes 

An extended node, schematically illustrated in Figure 18, is formed when two extended 

dislocation on different slip planes react. This reaction takes place when one of the extended 

dislocations tries to cross-slips into the plane of the other [55]. 
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Figure 18. Schematical drawing of an extended node [55]. 

There are different models for relating the symmetry of the extended node to the SFE. They 

are all based on the energy balance between the repulsive forces between the partials and the 

energy cost of forming the faulted lattice, but they make different approximations regarding 

the dislocation line energy and the dislocation interactions. 

In the simplest case, the extended dislocation node is a result of the balance between the 

surface tension due to the fault and the constant line tension [56] which may be expressed by 

 
     

   
 

  
 (26)  

where   is the shear modulus,    the partial dislocation Burgers vector and   is the outer 

radius of the node (see Figure 18). This model is modified in different ways to include 

dislocation interactions with the node and the equilibrium shape of the node, for details see 

[57, 58, 59].  

Pierce et al. [60] performed SFE measurements in TEM of a Fe-Mn-Al-Si austenitic TWIP-

steel, measuring both extended nodes and the separation of Shockley partial dislocation. 

When comparing the results with other experimental and theoretical values, they concluded 

that the measurement of partial separation yielded the most reliable result. 

5.1.2 Imaging using the weak-beam dark-field (WBDF) method 

The weak-beam method refers to the formation of a diffraction-contrast image in either 

bright- or dark-field where the information is transferred by weakly excited beams, hence 

called “weak-beam”. The dark-field approach has historically been important when studying 

lattice defect, owing to its high resolution and contrast [61].  Cockayne [54] studied Shockley 

partial dislocations in TEM using the WBDF method and show that the position of the 
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dislocations can be narrowly imaged; down to     . Several other authors [8, 15, 55, 60, 62, 

63] use this imaging technique for direct measurement of dislocation phenomena.  

5.2 Ab-initio models 

First-principles electronic structure methods, also called ab-initio methods, are commonly 

used to compute a wide range of material properties. Ab initio is a very powerful technique; 

however it is very computationally expensive, which is probably the largest disadvantage with 

the method. In condensed-matter physics, the term first-principle often refers to the density 

functional theory (DFT) method, which can be used to compute the total energy and electron 

density [64]. There are several different methods used to solve the DFT equations and Vitos 

[65] presented one based on the exact muffin-tin orbitals (EMTO) theory and the full charge 

density (FCD) technique. This method was later also combined with the coherent-potential 

approximation (CPA) by the same author [66]. Today, the EMTO-CPA method is used in 

computational quantum mechanics in a large number of applications. Recently, Vitos et al. 

[20, 21, 67, 68] implemented this method for calculating the SFE in austenitic stainless steels, 

where the formation energy of an intrinsic SF was defines as the excess free energy per unit 

area. The SFE can divided into two parts according to: 

            (27)  

where    is the SFE at zero Kelvin and   is the remaining contribution.    and   has been 

identified as the chemical and magnetic fluctuation contributions respectively.  

At zero Kelvin, the SFE is calculated as: 

 

   
      

   
 

(28)  

where     and    are the free energies of a crystal faulted by an intrinsic SF and a perfect 

crystal respectively and     is the area of the SF. 

The energy difference between the SF and the matrix is shown to be:  

                          (29)  

where             and      are the free energies of hcp, double hcp (dhcp) and fcc structures 

respectively. The double hcp phase includes the extrinsic SFE. This model, called the axial 
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interaction (AI) model, takes into account the interaction between the layers up to the third 

nearest neighbors.  

The free energies   can be calculated as a function of temperature and local magnetic 

moments according to: 

                                 (30)  

where   is the temperature,   is the local magnetic moment for each element,   is the 

electronic energy and       and     is the magnetic and electronic entropy respectively.  

When combining Eq. (29) and (30), the magnetic contribution to the SFE may be expressed: 
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 (31)  

where     
   

,      
   

  and      
   

 are the magnetic entropies in the hcp, dhcp and fcc phase 

respectively. However, it can be shown that the magnetic moment in the dhcp phase is close 

to that in the fcc phase and Eq. (28) can therefore be simplified to: 
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 (32)  

Lu et el. [21] investigated the influence of nickel and manganese on the SFE in the Fe-Cr-Ni-

Mn system. The Ni and Mn contents were varied in the range of 8-20 and 0-8 at% 

respectively, while Cr was kept on a constant level of 20 at%. In Figure 19, the SFE is plotted 

as a function of Ni and Mn contents at room temperature. 
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Figure 19. Calculated SFE map of the Fe-Cr-Ni-Mn system as a function of composition [21]. 

It is important to notice that the SFE map in Figure 19 covers the compositions the seven 

alloys that are examined in this thesis (Alloy 1-7 in Table 1). The values of the SFE shown in 

Figure 19 are compared to the calculated SFE’s in this thesis, in Chapter 7.5.  
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6 Calculation methodology  
Calculation of the SFE in four Fe-Cr-Ni and three Fe-Cr-Ni-Mn steels have been performed 

using the thermodynamics-based approach presented by Olson and Cohen [1]. The 

compositions of the seven alloys were listed in Table 1. Since trace elements are at extremely 

low levels in the studied alloys, no other elements than Fe, Cr, Ni and Mn were considered in 

the calculation. 

The Olson and Cohen model for calculating the SFE was presented in Chapter 4: 

        (    
   

   
   )      (12) 

where the terms were examined in Chapter 4.2-4.4.  

The grain size for alloys 3, 4 and 6 have been measured at Högskolan Dalarna using Electron 

Backscatter Diffraction (EBSD) and it was found to lie between          for all alloys 

[69]. The variation of the grain size depended on how a grain boundary was defined in the 

software to the instrument. It is reported in the literature that grain sizes smaller than       

gives an increased SFE in Fe-Mn alloys and it is therefore possible that the relatively small 

grain size in the studied steels will have an effect on the SFE. But since it is uncertain to what 

extent the SFE is affected by the grain size in austenitic stainless steel, and also since the 

results from the EBSD measurement reports a wide range of grain sizes, the possible grain 

size effect on the SFE was neglected in the calculation.  

The calculations have been performed at room temperature and at normal atmospheric 

pressure. The parameters used in the calculations of the SFE are shown in Table 3. 

Table 3. Parameters used in the calculations of the SFE. 

Quantity Symbol Value Unit 

Temperature         

Pressure         

Molar surface density                

Elastic energy    
                    

Surface energy                 
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All parameters except the molar Gibbs energy difference between fcc and hcp     
   

 were 

assumed to be constant for the seven alloys. Therefore, the calculations in this thesis were 

primarily focused on the Gibbs energy calculation, see Chapter 7.4. 

The Gibbs energy difference between fcc and hcp have been calculated using the T-C version 

3.0 and the TCFE7 database, which is suited for Fe-based alloys such as stainless steels. The 

molar Gibbs energy of fcc (FCC_A1) and hcp (HCP_A3) were calculated separately. The 

molar Gibbs energy difference between fcc and hcp was calculated and through Eq. (12), the 

SFE was calculated. It should be noted that the upper recommended limit of nickel content in 

the TCFE7 database is 20 wt%. Alloys 6 and 7 has a nickel content that exceeds this limit (21 

wt%) and therefore the results of these alloys might be less reliable. 

As a reminder, the molar Gibbs energy difference between fcc and hcp, hereafter referred to 

as the Gibbs energy difference, is calculated in T-C according to Eq. (14): 

     
   

 ∑      
   

 

 

     
   

       
   

 (14) 

where the first term henceforth will be referred to as ideal energy difference, the second as 

excess Gibbs energy difference and the last as magnetic energy difference. 
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7 Results and discussion 
Before going further into the calculations and discussion on the specific parameters in the 

SFE model by Olson and Cohen, some concerns regarding the model are addressed.  The 

model only considers the intrinsic SF and intrinsic SFE and there were questions about 

whether or not it is reasonable to ignore the extrinsic SFE. Olson and Cohen neglect its 

contribution to the total SFE, but they do not present any evidence to supports this. No data 

has been found in the literature on how commonly observed extrinsic SF’s are in austenitic 

stainless steels. It is possible that extrinsic SF’s are rarely observed and therefore it might be 

correct to neglect the extrinsic SFE, but it might also be the case that the extrinsic SFE is too 

large to neglect and therefore the results from the Olson and Cohen model might have some 

deviation from reality. An initial thought was that it might be possible to calculate the 

extrinsic SFE by the same principle as for the intrinsic SFE, but it was soon realized that it 

would not be possible to model the Gibbs energy for a twin structure since such a model is not 

available. 

Another thought was whether or not the results of the SFE in the present work can be 

compared to results from ab initio calculations where both the intrinsic and extrinsic SFE are 

accounted for? According to L. Vitos [70], the contribution to the SFE from the dhcp phase 

(the extrinsic SFE) may be as large as 15% in some cases and if that is true, it is clear that the 

SFE calculated by Olson and Cohen’s model is missing a significant contribution. 

These concerns are complex and can question the accuracy of the Olson and Cohen model. 

With this said, it is time to calculate and examine the different terms in the thermodynamic 

model. 

7.1 Surface density 

As shown in section 4.1, the surface energy is only a function of the lattice parameter which 

in turn depends on composition and temperature. It is fairly simple to measure the lattice 

parameter and the reported values in the literature are in good agreement. For simplicity, the 

lattice parameter was assumed to be constant for the alloys. Since the temperature is constant, 

the lattice parameter          from Curtze et al. [3] has been used in this thesis which 

gives the surface energy               according to Eq. (13).  

7.2 Strain energy 

Olson and Cohen [1] stated that “…this energy [the strain energy] is less than 0.1 pct of the 

measured fault energy”. Because of this statement, the strain energy is not considered in most 
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papers by subsequent authors. In the appendix of Olson and Cohen’s paper, the calculation of 

the strain energy is presented and the result of the strain energy was            . The strain 

energy will, according to their own model, give a contribution to the SFE of           . 

This contribution is much higher than 0.1% and therefore it seems as if their previous 

statement is incorrect. In other words, the strain energy has a much larger contribution to the 

SFE than what Olson and Cohen suggests and should therefore not be neglected. 

A different strain energy calculation model was presented by Ferreira and Müllner [48] where 

the SFP is represented as a platelet instead of a spherical particle. This seemed like a more 

accurate representation and their model was therefore chosen for calculating the strain energy 

instead of the one by Olson and Cohen.  

There are no data available on the Poisson’s ratio and shear modulus (which are required for 

calculating the strain energy) for the studied alloys and therefore it was not possible to 

calculate the exact strain energy for the alloys. Instead, Ferreira and Müllner’s [17] result of 

the strain energy   
               for a Fe-Cr-Ni alloy was applied in this thesis for all 

alloys since the compositions for the alloys were similar. Also, the surface energy is much 

more uncertain than the strain energy and therefore the error originating from the surface 

energy contribution was probably much larger. 

It should be noted that the strain energy is not accounted for in the ab initio calculation of the 

SFE, see for example [20]. This is because they assume that the fcc and hcp phase has the 

same lattice parameter, which means that it should not be any strains between the SFP and the 

matrix. 

7.3 Surface energy 

The surface energy is the key issue when calculating the SFE through thermodynamics-based 

models. In the literature, the surface energy is used as a fitting parameter to fit the calculated 

SFE to experimental results. Due to the lack of understanding for this term, it is possible that 

it may contain other contributing energies than just the surface energy. An example of this 

might be the strain energy; as already stated, most authors do not considered the strain energy 

contribution. Therefore the strain energy might be included in the surface energy term which 

will result in a larger value of the surface energy term. It is possible that other energies are 

included in the surface energy term by the same principle as for the strain energy. It is deeply 

concerning that the degree of understanding is low for this critical factor.  
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Attempts to calculate the surface energy was made in the software program TC PRISMA, but 

this was not possible since the hcp phase is not defined in the model used for calculating the 

surface energy. A value on the surface energy from ab initio calculation was found in the 

literature [51] but this value was negative which seems unphysical. In the end no other choice 

was found than to follow the approach by previous authors and assume a constant value for 

the surface energy. This is a problematic assumption but it is hoped that in the near future it 

will be possible to calculate the surface energy from ab initio calculations with good results.  

Olson and Cohen [1], Miodownik [39] and Ferreira and Müllner [17] all studied the Fe-Cr-Ni 

system and set the surface energy to      ,    and         respectively and from this, 

the surface energy            was chosen. 

7.4 Gibbs energy difference 

7.4.1 Thermodynamic data in TCFE7 

In order to evaluate the results achieved using the TCFE7 database, it was essential to 

understand not about the models used (Chapter 3.2) but also the values used for the 

parameters in the model. Therefore, the thermodynamic parameters in the TCFE7 database for 

the fcc and hcp phases for the subject alloys were checked. 

The Gibbs energy difference and the SFE were calculated from the TCFE7 database, the 

results of which can be seen in Figure 20 below.  

 

Figure 20. The total Gibbs energy difference and SFE for alloy 1-7 calculated from the TCFE7 database. 

When modeling the Gibbs energy difference from the TCFE7 database, the results of the SFE 

was not satisfactory for two reasons: 



41 

 

1) The Gibbs energy difference for the Fe-Cr-Ni alloys is negative, which does not seem 

likely since this would give very low values for the SFE: around     to          . 

SFE calculations by Lu et al. [21] indicate that the SFE should be in the range of 

approximately           . 

2) The Gibbs energy difference and the SFE for the alloys containing manganese (alloys 2, 5 

and 7) are much higher than for the ones that do not. In the Fe-Mn system, an increased 

manganese content up to around 12-14 wt% has been reported to decrease the SFE [19, 

25]. From this one can be assumed that the addition of Mn to the Fe-Cr-Ni alloys would 

also lower the SFE but the results in Figure 20 showed the opposite trend. 

In order to analyze these unexpected results, the contributing terms to the Gibbs energy 

difference (see Eq. (14)) was calculated separately for alloys 1-7, see Figure 21. 

 

Figure 21. The ideal, excess and magnetic energy contributions to the total Gibbs energy difference for alloys 1-7. 

When studying the contributing terms to the Gibbs energy difference, it was found that the 

ideal energy difference was very low for all alloys. It was also learned that the excess Gibbs 

energy difference was negative for the Fe-Cr-Ni alloys while it was positive for the Fe-Cr-Ni-

Mn alloys. This is almost certainly the source of the alteration in Gibbs energy difference 

between alloys with and without addition of manganese. It could also be noted that the 

magnetic energy difference was very small (not even visible in Figure 21). This was expected 



42 

 

since the magnetic description of fcc is often used also for hcp due to the lack of information 

on this mainly metastable phase. Measurements performed at SMT have shown that the 

magnetic energy at room temperature is low for all the alloys. The magnetic contribution was 

therefore assumed to be negligibly small when calculating the SFE of the studied alloys and 

was not further investigated. 

7.4.2 Evaluation of the lattice stability expressions in TCFE7 

As can be seen in Figure 21, the ideal energy difference is very low for all alloys. In order to 

examine the origin of this, the lattice stability expressions in TCFE7 for pure iron, chromium, 

nickel and manganese were compared to expressions and values for the lattice stability 

difference found in the literature.  

In Table 4-9 below, the lattice stability difference between fcc and hcp in Fe, Cr, Ni and Mn 

in the TCFE7 database (denoted *) is compared to values found in the literature.  

Table 4. Comparison of the lattice stability difference between fcc and hcp in pure iron (* = reference used in the 

TCFE7 database). 

Author  Year      
   

  

         
     

   
 at 3      

         

Ref. 

Guillermet, Gustafson * 1985                      [71] 

Dew-Hughes, Kaufman 1979                     [72] 

Kaufman, Stepakoff  1968                 [73] 

Blackburn, Kaufman, 

Olson 

1965               
           

     [74] 

Table 5. Comparison of the lattice stability difference between fcc and hcp in pure chromium (* = reference used in 

the TCFE7 database). 

Author  Year      
   

  

         
     

   
 at 3      

         

Ref. 

Saunders et al. 1988                   [75] 

Anderson et al. * 1987                    [76] 

Hillert 1977                  [77] 

Ishida 1976                   [78] 

Kaufman, Bernstein 1970                  [31] 

Table 6. Comparison of the lattice stability difference between fcc and hcp in pure nickel (* = reference used in the 

TCFE7 database). 

Author  Year      
   

  

         

     
   

 at 3      

         

Ref. 

Saunders et al. 1988                 [75] 

Guillermet * 1987                   [79] 

Ishida 1976                   [78] 

Kaufman, Bernstein 1970                  [31] 

Kaufman, Nesor 1964                  [80] 
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Table 7. Comparison of the lattice stability difference between fcc and hcp in manganese (* = reference used in the 

TCFE7 database). 

Author  Year      
   

  

         
     

   
 at 3      

         

Ref. 

Saunders et al. * 1988                   [75] 

Breedis, Kaufman 1971           
           

      [81] 

* = Reference used in TCFE7 

From this evaluation it could be concluded that the literature reports extremely varied results 

for chromium and manganese. At room temperature, some authors report a positive value of 

the lattice stability difference while others report a negative value. Also, some reports show 

opposite temperature dependence than other. The values for the lattice stability differences for 

iron at room temperature are also wide-ranging, but at least all values are negative and the 

papers are in agreement regarding its temperature dependence. The lattice stability differences 

for nickel reported in the literature are in good agreement with each other, see Table 6. 

At room temperature, chromium and iron both have a body-centered cubic (bcc) structure and 

manganese has a complex crystal structure which complicates any experiments, 

measurements or assessment of the lattice stability difference between fcc and hcp. The stable 

phase for nickel at room temperature is fcc which makes experiments easier to perform. This 

is probably the reason for the good agreement in the literature for nickel and poor agreement 

for the other element. 

In 2010, Xiong et al. [82] presented an interesting review of the thermodynamic properties in 

the Fe-Cr system. They discuss that Cr has complex magnetic properties that have yet to be 

described using the CALPHAD method. With this in mind, and the fact that fcc-Cr is 

mechanically unstable, it is possible that the lattice stability of chromium is incorrect in the 

database which will affect the results of the SFE. In Figure 22, the different expressions for 

the lattice stabilities of chromium in Table 5 are calculated as a function of temperature. 



44 

 

 

Figure 22. Comparison of lattice stability difference expressions and values for chromium found in TCFE7 and in the 

literature. 

The expression for the lattice stability difference of chromium used in the TCFE7 database is 

represented by the orange line in Figure 22. In an attempt to get a higher value for the ideal 

energy difference and consequently get a higher SFE, a change of the lattice stability 

expression for chromium in TCFE7 to the expression proposed by Ishida [78] (green line) was 

tried. The temperature dependence for the two expression are equal and in accordance to what 

has been reported in the literature, for example [20], but the lattice stability difference 

proposed by Ishida [78] is approximately             higher than that proposed by 

Anderson et al. [76], as is shown in Figure 22. After making this change in the TCFE7 

database, the Gibbs energy difference and SFE were recalculated, see Figure 23. 
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Figure 23. The total Gibbs energy difference and SFE for alloy 1-7 recalculated from the TCFE7 database with 

changed lattice stability difference between fcc and hcp for chromium. 

By changing the lattice stability difference for chromium to the expression proposed by Ishida 

[78], the Gibbs energy difference and SFE gets much higher compared to the original results 

from the TCFE7 database. These values are more feasible for the Fe-Cr-Ni alloys but the 

problem with high SFE’s remains for the alloys containing Mn. 

7.4.3 Evaluation of the excess Gibbs energy difference between fcc and hcp 

As can be seen in Figure 20, the Gibbs energy difference and the SFE for the Fe-Cr-Ni-Mn 

alloys are significantly higher than for the Fe-Cr-Ni alloys. In Figure 21 it was revealed that 

this large difference originates from the excess Gibbs energy differences, which were negative 

for the Fe-Cr-Ni alloys and positive for the Fe-Cr-Ni-Mn alloys.  

When studying the interaction parameters in TCFE7 for fcc and hcp respectively, it was 

evident that several values are missing for the hcp phase (Cr-Fe, Cr-Fe-Ni, Cr-Ni, Fe-Mn-Ni 

and Mn-Ni) and also that for some systems (Cr-Fe, Cr-Mn, Fe-Ni and Mn-Ni) the values for 

the hcp phase are equal to those of the fcc phase. 

When data is missing in the database, the T-C software assumes that they are zero. The excess 

Gibbs energy difference between fcc and hcp will therefore only depend on the value of the 

fcc phase when the value for hcp is missing. This results in problems when calculating the 

SFE since the excess Gibbs energy for hcp will most likely have a non-zero value for real 

solutions. The unknown interaction parameters for hcp were instead put to the same value as 

for the fcc phase, which probably is believed to be a better approximation than zero. 
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However, hardly surprising, after making this change the excess Gibbs energy difference 

became zero for the Fe-Cr-Ni alloys. Clearly more work is required in order to describe the 

hcp phase. 

When studying the Fe-Cr-Ni-Mn system, the only remaining interaction parameters after 

making the above proposed changes, are Fe-Mn and Cr-Fe-Mn. The Fe-Mn system has been 

investigated in the literature by several authors. The expression from TCFE7 (denoted *) for 

the excess Gibbs energy difference for the Fe-Mn system were compared to expressions found 

in the literature, see Table 8. 

Table 8. Comparison of the excess energy difference between fcc and hcp in the Fe-Mn system (* = reference used in 

the TCFE7 database). 

Author  Year       
   

 

         

Ref. 

Nakano et al. 2010                                       

      

[11] 

Lee et al. 2000                    [19] 

Chen et al. 1999                    

Huang * 1989                    

Ishida et al. 1972                  

Since some literature indicates that a minimum in the SFE should occur on the Fe-rich side of 

the Fe-Mn system, the excess Gibbs energy difference for the Fe-Mn system would also be 

required to show a minimum on the Fe-rich side. In Figure 24 the excess Gibbs energy 

difference for the Fe-Mn system is calculated as a function of manganese content in order to 

investigate if the above presented descriptions display such a minimum. 
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Figure 24. Comparison of excess energy difference expressions for the Fe-Mn system found in TCFE7 and in the 

literature. 

The results in Figure 24 show that the expressions proposed by Ishida et al., Huang (currently 

used in the TCFE7 database) and Chen et al. do not show a minimum. The only descriptions 

that show this behavior are the ones proposed by Lee at al. [19] and Nakano et al. [11]. It was 

difficult to decide which one of these descriptions that are the most accurate one only by 

comparing the data from the two published papers. The model by Nakano et al. [11]  is more 

recent which is probably an advantage, but the experiments in the papers have been conducted 

in similar ways and therefore it was decided to try both models and compare the results. It 

should also be noted that the description of the hcp phase presented by Nakano et al. [11] 

produces a metastable miscibility gap in the hcp structure which would probably cause 

problems when extrapolating into higher order systems. In Figure 25 the SFE for alloys 1-7 

calculated with the Fe-Mn interaction parameters presented by Nakano et al. [11] and Lee et 

al. [19] respectively are compared. 
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Figure 25. Comparison of the SFE for alloy 1-7 using the excess Gibbs energy expression for Fe-Mn proposed by 

Nakano et al [11] and Lee at al. [19] respectively. 

As can be seen in Figure 25, increased manganese content will give an increased SFE using 

the description by Nakano et al. [11] while it will give a decreased SFE using the description 

by Lee et al. [19]. The literature indicates that the manganese addition will lower the SFE and 

since this behavior only was reproduced by Lee et al., their Fe-Mn excess Gibbs energy 

description was used in the present work. It should be noted that since this expression is not 

presented as a Redlich-Kister polynomial, which is the standard form in T-C, it could not be 

written into the code of the database. This calculation instead had to be performed by hand 

separately and added to the result calculated with T-C. This is slightly inconvenient but will 

not affect the result. 
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7.4.4 Summary of changes made to the TCFE7 database 

In Table 9 below, the adjustments that have been proposed in Chapter 7.4 are summarized to 

give the reader a better overview of what values have been used in the final calculations of the 

SFE, which is presented in Chapter 7.5 below.  

Table 9. Adjusted thermodynamic parameters in TCFE7 database for the hcp phase for the Fe-Cr-Ni-Mn system. 

Parameter Adjustment 

    
  According to [78] 

  
 

     
  No data available, therefore   

 
     
     

 
     
 

 

  
 

        
  No data available, therefore   

 
        
     

 
        
 

 

  
 

     
  No data available, therefore   

 
     
     

 
     
 

 

  
 

     
  No data available, therefore   

 
     
     

 
     
 

 

  
 

        
  No data available, therefore   

 
        
    

 
        
 

 

  
 

     
  No data available, therefore   

 
     
     

 
     
 

 

     
   

 According to [19]  
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7.5 Final results of the SFE and comparison with ab initio calculations and 

TEM measurements 

In Table 10 and Figure 26 below, the final results of the SFE’s for alloys 1-7, after making the 

changes summarized in Table 9, are presented. The SFE results are compared to values 

available for the same alloys measured by TEM and calculated by Lu et al. [21] from ab initio 

methods. 

Table 10. Comparison of the SFE values from the present calculation with values reported from ab initio calculations 

and TEM measurments. 

Alloy 

number 

SFE from present 

calculation         

SFE calculated by Lu et al. 

[21]         

SFE measured by 

TEM         

1 6.3 -0.9 - 

2 2.6 -17.1 - 

3 10.5 approx. 25 17.9 

4 14.7 35.7 23.4 

5 11.4 20.6 - 

6 23.1 27.1 - 

7 20.3 29.7 - 

 

 

Figure 26. Comparison of the SFE values from the present calculation with values reported from ab initio calculations 

and TEM measurments. 

 



51 

 

The results of the SFE in the present work are of the same order of magnitude as reported in 

the literature for other austenitic steels, for example in [3]. The nickel content increases from 

8 at% to 20 at% for alloys 1 through 7 and it can be seen that increased nickel content gives 

an increased SFE which is according to what is reported in the literature [20]. Alloys 2, 5 and 

7 contain 8 at% manganese and it can be seen in Figure 26 that an addition of manganese will 

lower the SFE which is the expected behavior. It should be emphasize that since the 

magnitude of the surface energy is uncertain, it is more interesting to study the trend of the 

SFE instead of the absolute values of it. 

The comparison in Table 10 show that the SFE reported by Lu et al. [21] is lower for alloys 1-

2 and higher for alloys 3-7 than what has been calculated in the present work. The variation of 

the SFE is large for some of the studied alloys and smaller for others. The difference is large 

for alloy 2 where the SFE is found to be         in this thesis while Lu et al. find that it is 

         ; not only is it a difference of          , the values also have different signs. 

On the other hand, the variation for alloy 6 is very small where it only differs         

between the value calculated in this thesis and the value from Lu et al.. The ab initio 

calculation shows, in accordance to the results in this thesis and the literature, that the SFE 

increases with increasing nickel content. The trends is also the same for alloy 2 and 5, where 

the addition of manganese lowers the SFE, but the opposite effect is found in the model by Lu 

et al. for alloy 7, where the manganese addition instead increased the SFE.  

Unfortunately, the SFE has only been measured by TEM for two of the alloys at this moment 

and therefore it is difficult to make a comparison between calculated and measured values. 

The measured SFE for alloy 3 and 4 is in the region between the calculated values in this 

thesis and from Lu et al. [21]. It will be interesting to get the remaining results from the TEM 

measurements, especially in order to fit the value of the surface energy. In the present 

calculation the surface energy was          and when comparing the calculated SFE with 

the measured SFE, the surface energy should be about          instead to get a fit to the 

experimental values. But since there are only two measured values available, any adjustment 

of the surface energy should preferably be done after the SFE have been measured for the 

remaining alloys. 
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8 Concluding remarks 
All methods for measuring and calculating the SFE are more or less problematic and no 

method today seem completely reliable. TEM measurements are getting more accurate 

through development of better and more modern instruments but the measurements of the 

SFE itself are very complicated, resulting in large errors. Ab initio methods are gaining 

ground and have during the last decade become widely recognized within the scientific 

community. However, the ab initio method for calculating the SFE is highly complex and 

computationally heavy, which limits the numbers of elements that can be used in a system.  

Thermodynamics-based calculations have been widely used since it was first presented in the 

late 70’s, but there are critical problems with the approach that still have not been resolved. 

Two major problems with the thermodynamics-based modeling of the SFE have been found. 

Firstly, the use of the surface energy term as a fitting parameter is worrying and it has still not 

been shown any ways of calculating the surface energy with good results. Hopefully in the 

future, it might be possible to calculate the surface energy using ab initio models. Secondly, 

there are big uncertainties with the Gibbs energy modeling since the hcp phase is not well 

described in the thermodynamic database. Not only are several values missing for the hcp 

phase for the studied system, contradictory data were also found when comparing values 

reported in the literature. The assessment of thermodynamic parameters is obviously very 

difficult, not only due the lack of data for the hcp phase but also because of large variations 

reported in the literature. In order to get better results on the SFE from T-C a new and 

improved database is needed and in order to achieve this, a complete evaluation needs to be 

done on the thermodynamic parameters for the hcp phase. 

In this thesis, seemingly good results of the SFE have been achieved, but this was only after 

making several changes to the TCFE7 database. The SFE range for the studied alloys lies 

within reasonable magnitudes and the SFE dependence on nickel and manganese 

concentrations were in accordance to what has been reported in the literature. It should be 

emphasized that the proposed modifications of the TCFE7 may have undesired impact on 

other applications beyond the SFE calculation, which I suggest should be investigated before 

accepting the new assessment proposed in this thesis. When the remaining TEM 

measurements of the SFE have been performed, the value of the surface energy might need to 

be adjusted in order to get a good fit with the experimental values. 
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