
 

 

  

 First step to a genomic CALPHAD 

database for cemented carbides –  

C-Co-Cr alloys 

 

 

Zhou Li 

Doctoral Thesis 2017 

 

Unit of Structures 

Department of Materials Science and Engineering 

School of Industrial Engineering and Management 

KTH Royal Institute of Technology 

Stockholm, Sweden 

  



 

 

 

 

 

 

 

 

First step to a genomic CALPHAD database for cemented carbides – C-Co-Cr alloys 

 

Unit of Structures 

Department of Materials Science and Engineering 

School of Industrial Engineering and Management 

KTH Royal Institute of Technology 

SE-100 44 Stockholm, Sweden 

 

ISBN: 978-91-7729-447-4 

 

© Zhou Li (栗 周), 2017 

 

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan i Stockholm 

framlägges till offentlig granskning för avläggande av Teknologie Doktorsexamen fredag 

den 9 juni 2017 kl 10:00 i sal B2, Brinellvägen 23, Kungliga Tekniska Högskolan, 

Stockholm. 

The PDF version of this thesis is available at kth.diva-portal.org 

Printed by Universitetsservice US-AB, Stockholm, Sweden 

  



 

 

 

 

 

 

        

 

                  

 

                      To my grandma and my parents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

I 

 

Abstract 

CALPHAD (CALculation of PHAse Diagrams) denotes the methodology used to assess 

thermodynamic data based on experiments as well as on first principles calculations. 

Essential for this method is the coupling of phase diagram and thermodynamic 

properties. It has been widely and successfully applied for decades in the field of 

materials science and engineering. Nevertheless, some shortcomings of the existing 

thermodynamic databases call for updated descriptions with improved thermodynamic 

modeling from unary, binary to ternary and higher-order systems. This thesis attempts 

to pioneer the development of a new generation of CALPHAD databases taking C-Co-

Cr alloys with subsystems, unaries and binaries, as example. The present modeling and 

assessment work not only validate the new models applied in the development of the 

next, the 3
rd

, generation database, but also result in improved descriptions in a wider 

temperature range. 

In this 3
rd

 generation database, thermodynamic descriptions are valid from 0 K up to 

high temperatures above liquidus. The Einstein model, rather than the polynomial basis 

functions used in the previous 2
nd

 generation database, is applied to model the harmonic 

lattice vibration contribution to the heat capacity of condensed phases at low 

temperatures. In addition, terms describing the electronic excitations and anharmonic 

lattice vibrations, as well as the magnetic contribution, are added. A generalized two-

state model is employed for the liquid phase to describe the gradual transition from the 

liquid to amorphous state. A revised magnetic model is adopted accounting for both the 

ferromagnetic and anti-ferromagnetic states explicitly. A newly suggested method to 

avoid violating the 3
rd

 law of thermodynamics is adopted for e.g. stoichiometric phases. 

However, there is still some concern as Nernst’s heat theorem which states that 𝑑𝐶𝑃/𝑑𝑇 

is zero at 0 K is not obeyed. All solution phases are modelled within the framework of 

the compound energy formalism (CEF).  

The task of the thesis is to construct an updated self-consistent thermodynamic 

description of the C-Co-Cr system for the third generation CALPHAD databases. The 

improvement is significant from a modeling point of view when compared to the second 

generation database. A good agreement between the calculated thermodynamic 

properties and the experimental data is achieved. The reliability of the extrapolations of 

unary and binary systems into higher order systems is demonstrated.    

 

Keywords: CALPHAD, Einstein model, two-state model, compound energy formalism, 

thermodynamic description, C-Co-Cr 
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Sammanfattning 

CALPHAD är en metod med vilken termodynamiska beskrivningar kan tas fram med 

hjälp av experiment såväl som första principberäkningar. Denna metod är baserad på 

kopplingen mellan fasdiagram och termodynamiska egenskaper. Metoden har använts 

framgångsrikt i flera årtionden inom materialvetenskapen. Trots denna omfattande 

användning finns vissa brister i de befintliga termodynamiska databaserna och 

uppdaterade beskrivningar med förbättrad termodynamisk modellering behövs för rena 

element, binärer, ternärer och högre ordningens system. Denna avhandling försöker gå i 

bräschen för utveckling av en ny generation CALPHAD-databaser och tar C-Co-Cr 

legeringar och dess undersystem, unaries och binärer, som exempel. Modellerings- och 

utvärderingsarbetet validerar inte bara de nya modellerna som tillämpas vid 

utvecklingen av nästa, den 3:e, generations databas, utan resulterar också i förbättrade 

beskrivningar inom ett större temperaturområde. 

I denna tredje generationens databas gäller de termodynamiska beskrivningar från 0 K 

och upp till temperaturer över liquidus. Istället för de polynombaserade funktioner som 

användes i den tidigare, 2:a generationens, databaser appliceras här istället Einstein-

modellen för att modellera det harmoniska gittervibrationsbidraget till värmekapaciteten 

hos de fasta faserna vid låga temperaturer. Dessutom läggs termer till som beskriver de 

elektroniska excitationerna och de anharmoniska gittervibrationerna, såväl som det 

magnetiska bidraget. En generaliserad två-tillstånds modell används för smältan för att 

beskriva den gradvisa övergången från smälta till amorft tillstånd. Den reviderade 

magnetiska modellen kan beskriva både ferromagnetism och anti-ferromagnetism 

explicit. En nyligen föreslagen metod för att undvika att bryta mot termodynamikens 

tredje lag har använts för att beskriva t.ex. stökiometriska faser. Det finns emellertid 

fortfarande problem eftersom Nernsts värmeteorem som säger att dCp/dT ska vara noll 

vid 0 K inte följs. Alla lösningsfaser modelleras inom ramen för Compound Energy-

formalismen (CEF). 

Syftet med denna avhandling har varit att konstruera en uppdaterad, konsistent 

termodynamisk beskrivning av C-Co-Cr-systemet för den tredje generationens 

CALPHAD-databaser. Förbättringen är signifikant ur en modelleringssynpunkt jämfört 

med andra generationens databas. God överensstämmelse mellan de beräknade 

termodynamiska egenskaperna och experimentell information har erhållits. 

Tillförlitligheten hos extrapolationerna från unary och binära system in i högre 

ordningens system visas. 

 

Nyckelord: CALPHAD, Einstein-modellen, två-tillståndsmodell, Compound Energy 

Formalismen, termodynamisk beskrivning, C-Co-Cr 
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Chapter 1  

1. Introduction 

This work was performed within the VINN Excellence Center Hero-m in the project 

called ‘generic CALPHAD’. CALPHAD (CALculation of PHAse Diagrams) is a 

method to describe the thermodynamic properties by modelling the Gibbs energy of 

each phase, stable as well as metastable, of the system of interest. Using CALPHAD it 

is possible to perform predictive calculations in multi-component systems. One of the 

aims of the project is to develop a new generation of CALPHAD databases with more 

physically based models and in addition enable the thermodynamic models to describe 

the thermodynamic properties also at low temperatures. The goal of the present work, as 

a part of the project, has been to construct a thermodynamic description of the C-Co-Cr 

system starting from new descriptions of the elements to the ternary system within the 

framework of the third generation of thermodynamic databases.  

This thesis consists of five chapters. The first chapter gives a brief introduction to the 

third generation of CALPHAD models and to cemented carbides. Chapters 2 to 4 

elaborate the thermodynamic models employed to describe the unaries (the elements), 

the Cr-carbides, the binaries and ternary systems in the 2
nd

 and 3
rd

 generation databases, 

respectively. Some examples are also presented to illustrate the application of these 

models. Finally, a summary of the work and an outlook of future work are given in 

Chapter 5. 

1.1. The third generation CALPHAD databases 

The concept of ‘third generation CALPHAD databases’ originates from a viewpoint 

paper by Kaufman and Ågren [1]. The authors reviewed the history of the CALPHAD 

method and divided it into two time-periods. Correspondingly, it could be argued that 

two generations of CALPHAD databases have been developed in terms of the 

modelling of the pure elements. The concept of lattice stabilities, i.e. the Gibbs energy 
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difference between the stable and metastable states of the same element, was introduced 

in the first generation of thermodynamic databases in the 1970s [2, 3]. From the late 

1980s, polynomial basis functions have been widely used to describe the Gibbs energy 

of the pure elements as presented in the compilation due to Dinsdale [4]. The 

construction of the second generation of databases was mainly based on that 

compilation. Although the second generation databases have been successfully applied 

to various kinds of materials, they are challenged by the lack of physical meaning and 

the incapacity to accurately describe the thermodynamic properties at temperatures 

below RT [5]. The models employed in the second generation databases are empirical in 

nature. Gibbs energy is described by a polynomial of temperature, constitution and 

pressure and the model parameters barely have any specific physical meaning. 

Considering the industrial application of these databases, model parameter assessment 

mainly focused on the high-temperature region which is above 600 K. Problems that 

arose in modelling the thermodynamic properties of the materials at lower temperatures 

were to some extent ignored. However, now, the modelling of some increasingly 

important phase transformations, e.g., martensite and bainite formation, needs a more 

reliable and physically correct description possible to extend to the low temperature 

region with more confidence. Moreover, the reliability of the extrapolation from the 

stable region to the metastable one can be significantly improved if the models have a 

sounder physical basis. Thus, more physically based models for the new databases are 

of great interest for the scientists and engineers in the CALPHAD community. 

These interests were translated to the motivation for the Ringberg 95’ workshop [6-9]. 

This workshop suggested that more advanced models accounting for different physical 

effects such as lattice vibrations, electronic and magnetic contributions should be 

employed to describe the thermodynamic properties of the pure elements. Chen and 

Sundman [10] were the first to develop models following these suggestions and they 

applied them to pure iron as a case study. The new models enable the functions to 

describe the thermodynamic properties also at low temperatures (below 300 K) and the 

gradual transition from liquid to the amorphous state. The models suggested at the 

Ringberg workshop developed by Chen and Sundman thus form the theoretical basis for 

the third generation of the thermodynamic databases. Later, more attempts have been 
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made to apply similar models to the pure elements [11-14] and to binary systems [15, 

16]. The 3
rd

 generations of thermodynamic databases are now emerging. 

1.2. Applications of CALPHAD databases 

With increasing computability and accessibility of personal computers, thermodynamic 

properties of materials can be easily calculated via software using the model parameters 

stored in CALPHAD databases. The CALPHAD method is considered as the only way 

to perform sufficiently accurate calculations of phase equilibria in multi-component, 

multi-phase systems for practical application. The proper knowledge of the 

thermodynamic properties of the alloys can significantly lower the cost of materials 

design and materials processing. For this reason, CALPHAD databases play a 

fundamental role in Integrated Computational Materials Engineering (ICME) and it can 

be argued that CALPHAD databases constitute the “genome” of materials [1].  

In this thesis work, the database for C-Co-Cr is of our interest because it forms the basis 

for several higher-order systems of industrial importance. It is a subsystem of the 

important cemented carbide system W-Co-Cr-C. Cemented carbides are a range of hard 

and wear resistant materials which have extensive applications in the cutting tool 

industry. In general, carbides such as WC provide the hardness and the binder phase, 

usually consisting of Co, is the source of toughness and they together form the basic 

cemented carbide’s structure. The mechanical properties of cemented carbides are 

considerably affected by the average size of the WC grains [17]. Generally a smaller 

grain size is advantageous for any material to get a higher hardness. To get finer WC 

grains, Cr is added to inhibit the growth of the WC grains [17] by forming thin layers at 

the interfaces between the Co and WC grains [18].  Besides, the addition of Cr leads to 

the formation of chromium carbides, e.g. Cr7C3. These carbides will not significantly 

affect the performance of the cemented carbides but do affect the cases of steels and 

super-alloys. The heat treatment and long service time at high temperature of the steels 

and super-alloys may trigger the processes carbide growth, dissolution or coarsening [4]. 

The importance of the accuracy of the Cr-containing descriptions cannot be over-

exaggerated considering the extensive and massive application of these alloys. Recently, 

the design of Co-free cemented carbides is becoming a hot topic due to the toxic 
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properties of Co. A more environmentally friendly product should always be preferred 

considering sustainability. A proper description of a Co-containing database which can 

correctly describe the alloying effect of Co is useful when trying to find a replacement 

for Co in the alloys. 
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Chapter 2  

2. Unary descriptions 

All thermodynamic descriptions developed in this thesis are assessed using the 

CALPHAD method. In the CALPHAD method, the Gibbs energy for each phase is 

modelled by a parametrized thermodynamic function which is optimized to fit the 

relevant experimental information and ab initio calculation results. In this chapter, the 

thermodynamic models for the pure elements used in the second and third generation 

databases are introduced. Some results for pure Co (Paper 2) are given as a case study. 

2.1. Second generation CALPHAD databases 

As mentioned in Chapter 1, polynomial basis functions are widely accepted as the 

standard way to describe thermodynamic properties of pure elements in the 2
nd

 

generation of thermodynamic databases. At atmospheric pressure, the Gibbs energy of a 

pure element i in phase   is described as: 

    2 1 3ln ... SER

i iG H a bT cT T dT eT fT                                                          (2.1) 

where SER

iH  denotes the enthalpy of the pure element i in its reference state SER 

(Standard Element Reference). This reference state is defined as the most stable state of 

the pure element at 298.15 K and 1 bar.  

The magnetic effect on the thermodynamic properties is treated separately in both the 

2
nd

 and 3
rd

 generation of CALPHAD databases. The most widely used magnetic model 

was proposed by Inden [19] and then modified by Hillert and Jarl [20]. The contribution 

to the heat capacity and the Gibbs energy due to a magnetic transition according to the 

Inden-Hillert-Jarl model is presented below: 
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                                (2.7) 

LROk
 
and SROk  are two constants for ferromagnetic and paramagnetic states respectively. 

R is the gas constant and Tc denotes the Curie temperature. β is the mean magnetic 

moment per atom. The empirical constant p is the fraction of enthalpy for short-range 

ordering which is defined as:   

                                     

0

 C

mag

P
SRO

T

SRO LRO

mag

P

C
H

p
H H

C dT




 







                                     (2.8) 

When this generation of databases was developed the main focus was transformations at 

higher temperatures e.g. the temperatures where different heat treatments of steels are 

performed. Equilibrium data for higher-order systems were obtained from diffusion-

couple experiments which for natural reasons were also performed at higher 

temperatures. As a consequence the information in the databases describes that 

temperature region well. The power series (Eq. 2.1) is suitable for representing powerful 

in describing the thermodynamic properties in the temperature range of the experiments 

but does not give reasonable descriptions upon extrapolations, particularly not towards 

lower temperatures. This was not considered as a serious problem at that time. The 

function (Eq. 2.1) will go to infinity when the temperature approaches 0 K due to the 

1eT  term. Similar problems arise for the other thermodynamic quantities such as 

entropy and heat capacity which are obtained from derivatives of the Gibbs energy.  
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As computational materials science has matured more advanced models able to account 

for various physical effects has become increasingly important to develop within the 

CALPHAD community. These interests were the basis for the 1995 Ringberg unary 

workshop [6-9] where the ideas of more physically-based models were firstly proposed. 

Later, Chen and Sundman [10] developed these new models which lay the foundation 

for the third generation of CALPHAD databases.  

2.2. Third generation CALPHAD databases 

2.2.1. Solid phases 

In the new generation models [6-10], the physical effects, such as lattice vibrations, 

electronic and magnetic contributions, were modelled separately. The description of the 

Gibbs energy for solid phases up to the melting point was derived from the function of 

heat capacity expressed as 

                  (2.9) 

 

where the first term describes the harmonic lattice vibration using the Einstein model, in 

which E  denotes the Einstein temperature. Using the Einstein model the 

thermodynamic properties below the Einstein temperature could be more correctly 

described. The second term which is a linear function of temperature represents the 

contribution from electronic excitations and low-order anharmonic excitations. The 

third term represents the contribution from high-order anharmonic vibrations. n can be 

assigned the value 2, 3 or 4 depending on the shape of the heat capacity curve and 

another T
m
 term can used if necessary. The last term represents the contribution from 

the magnetic transition. 

The Gibbs energy of a pure element is thus obtained by integrating the expression of the 

heat capacity with respect to temperature: 
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The total energy at 0 K is the sum of the first two terms where E0 is the cohesive energy 

at 0 K and the second term is the zero-point lattice vibration energy. The last term 

denotes the contribution from the magnetic disordering effect. 

To describe the thermodynamic properties of a solid phase above the melting 

temperature, it is customary practice within CALPHAD to artificially extrapolate Gibbs 

energy to avoid the solid phase becoming more stable than the liquid phase. For that 

reason the following expression is adopted for the solid phase above its melting 

temperature 

(2.11)

 0

5 11

0 0

3
3 ln 1 exp ' ' ' 1 ln

2

' c'
           

30 132

E
E

mag
T T p

G E R RT H S T a T T
T

Cb
T T dT dT

T




 

  
          

  

 
    

  
 

                               (2.12) 

There are five model parameters ( ',  ',  ',  ',  'H S a b c ) that need to be determined by the 

boundary conditions of the Gibbs energy, enthalpy, entropy, heat capacity and the first 

derivative of the heat capacity at the melting temperature. To ensure the continuousness 

of theses quantities, the value of these quantities of the solid phases at the melting 

temperature were set equal to those of the liquid phase at that temperature. Thus we 

have five equations and five unknown variables i.e. mathematically solvable. 

2.2.2. Magnetic contribution 

In the paper by Chen and Sundman [10], the description of the magnetic heat capacity 

was modified to get a better fit to the experimental information. The constant p was re-

evaluated and one additional term was kept in the Mclaurin expansion used yielding the 

following expression which should be compared to Eqs.2.2-2.7.  

9 15 21
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1
0.37( )  0.25(  )       0.33471979 0.49649686( -1)  p bcc or other structures D

p
             (2.15) 

Correspondingly, the magnetic contribution to the Gibbs energy can be written as 

ln( 1) ( )moG RT f                                                                                                                     (2.16) 

3 9 15 21 11
( ) 1- 0.63570895 1 0.38438376  1

6 135 600 1617 C
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                                           (2.19) 

  ln( 1) 0.38438376mdo CT
G R T

PD


 
     

 
                                                                                (2.20) 

where mdoG  represents the magnetic disordering effect and G
mdo 

(∞ ) denotes the 

magnetic disordering effect at infinitely high temperature. moG
 
describes the magnetic 

ordering effect which is defined as the Gibbs energy difference between the mdoG  and 

G
mdo 

(∞). 

In this equation, the ferromagnetic state was chosen as the reference state for 

ferromagnetic elements. However, it may lead to artificial miscibility gaps in alloys 

where non-ferromagnetic elements have a paramagnetic ground state. Thus a 

transformation of the reference state from the ferromagnetic state to the paramagnetic 

state is needed and is done in the following way: 

     =fm mdo fm mdo mdo mdo pm moG G G G G G G G G                                             (2.21) 

Using this formalism, the magnetic contribution due to the ferromagnetic transition is 

treated as a magnetic ordering effect. 

2.2.3. Liquid phase 

In the new models [8, 10], the traditional liquid phase is treated as a phase called 

‘liquid-amorphous phase’ which is described by a generalized two-state model. The 
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liquid two-state model suggests that there are two competing states in the liquid phase 

and that the atoms are either in the solid-like state or in the liquid-like state. The 

introduction of the two-state model enables the thermodynamic functions to describe the 

continuous change from the liquid to the amorphous state. The Gibbs energy of the 

liquid-amorphous phase is expressed as 

ln 1 exp( / )liq am am i

m m dG G RT G RT                                                                                 (2.22) 

ln ... i

dG A BT CT T                                                                                                              (2.23) 

where i liq am

d m mG G G    . liq

mG  and am

mG  can be considered to be the Gibbs energy of 

the element i when all the atoms are in the liquid-like state and the solid-like state, 

respectively. A, B and C are the model parameters to be optimized based on the 

experimental information on the liquid phase. As a first approximation parameter B can 

be set equal to the gas constant R, sometimes referred to as the communal entropy [8].  

In Paper 2, the new models are applied to the assessment of pure Co. It is an illustrative 

example showing how the new models are used to describe the properties of a pure 

element.  

Fig 2.1 shows the calculated heat capacity of hcp-Co below room temperature compared 

with the experimental data [21-23] and with the description in Dinsdale’s compilation [4] 

(2
nd

 generation). In this temperature range, the calculated heat capacity (solid line) is 

mainly depending on the Einstein model and it reproduces the experimental data 

correctly whereas  the dotted line (2
nd

  generation) deviates from the experimental data 

below 100 K and does not give a correct physical picture at low temperature due to the 

negative power term in the thermodynamic function used.  
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Fig 2.1 Calculated heat capacity of hcp-Co phase from 0 K to 300 K compared with the 

experimental data [21-23]. The black line is for the updated description in paper 2 and the red 

line is for the description from Dinsdale [4]. 

The calculated heat capacity of fcc-Co compared with experimental data [21, 23-29] 

and the description from the second generation are plotted together in Fig 2.2. The good 

agreement between the experimental data and the calculated results supports the revised 

magnetic model in the work of Chen and Sundman [10].  

The stability of all Co phases relative to hcp-Co is plotted in Fig 2.3. After the isotropic 

transformation from hcp to fcc, the Gibbs energy difference becomes larger at first and 

then smaller at higher temperatures and then goes through a maximum. The reason 

causing this peak is that both hcp and fcc have magnetic transitions but at different 

temperatures. The Curie temperature of hcp is not experimentally accessible and thus 

could be determined arbitrarily due to the lack of experimental information. If the Curie 

temperature of hcp is different from that of hcp, the mentioned maximum will appear. 

This is physically correct but troublesome in the assessment of Co-Cr systems. The 

decreasing Gibbs energy difference between the hcp and fcc phases could not 

accommodate the fit to both the experimental Curie temperature (of hcp and fcc) and a 

delicate magnetic miscibility gap at the Co-rich side in the Co-Cr system. Therefore, the 
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description of pure Co in Paper 2 was not adopted for the development of the database 

and a re-evaluation of pure Co was performed to be able to describe the C-Co-Cr system. 

The stability of all Co phases according to this modified description (See Table 2.1) is 

plotted in Fig 2.4. 

 

Fig 2.2 Calculated heat capacity of fcc-Co (black solid line) compared with the experimental 

data [21, 23-29] and the description from Dinsdale [4] (red dashed line). 
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Fig 2.3 Gibbs energy of fcc and liquid Co relative to hcp-Co (paper 2). Liq (green), Hcp (black), 

fcc (red) and fcc excluding the magnetic contribution for hcp and fcc phases (red dashed line). 

 

Fig 2.4 Gibbs energy of fcc and liquid Co relative to hcp-Co according to the modified 

description (see Table 2.1). Liq (blue), hcp (black) and fcc (green). 
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Table 2.1 The optimized parameters for the modified description of pure Co. 
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Chapter 3  

3. Carbides in the C-Co-Cr system 

As mentioned in the introduction, the importance of the carbides cannot be over-

exaggerated for the cemented carbides systems. In addition to the stoichiometric 

carbides also the end-member “carbides” of the solid solutions must be described. In 

this chapter, the modelling of both these types of carbides will be presented and the 

thermodynamic description of the phase Cr3C2 will be used as an example to illustrate 

the description adopted in this work. 

3.1. Second generation databases 

In the second generation databases, the stable stoichiometric Cr-carbides are described 

by a simple formula MXCY and the Gibbs energy and heat capacity are presented below 

[30, 31] which is identical to the expressions used for the pure elements (Eq. 2.1) 

2

: ln  X YM C SER SER

M C M CG XH YH A BT CT DT T                                                                         (3.1) 

 2PC CT D                                                                                                                                  (3.2) 

M denotes the metallic element and C carbon. X and Y are the stoichiometric 

coefficients i.e. the relative number of atoms of the metallic element and carbon, 

respectively. A, B, C and D are the model parameters to be assessed based on the 

experimental data on the heat capacity and the phase equilibria. 

The stability of some metastable end-member carbides in the solution phases was also 

described using Eq 3.1 [32-34]. 

Another way that has often been used to describe the Gibbs energy of carbides, both 

end-member carbides in solid solution and metastable stoichiometric carbides [34-36], 

is the so-called Neumann-Kopp rule. Actually, the Neumann-Kopp rule states that the 

heat capacity of a compound can be described by a linear combination of its end-

member’s heat capacities. However, taking the average of the Gibbs energy of the end-



CHAPTER 3   CARBIDES IN THE C-CO-CR SYSTEM  
 

 

16 

 

members instead of the heat capacity only changes the absolute value of the A and B 

terms and is easier to apply. Using the latter method we get: 

: :
X Y

M C

M C Graphite

M Va CG X G Y G A BT                                                                                            (3.3) 

where 
:M VaG  and Graphite

CG  are the Gibbs energy of the metallic element in their reference 

state and pure C as graphite, respectively.  

3.2. Third generation databases 

In this thesis work, the carbides are treated based on their phase stability and the 

availability of relevant information. For the carbides which are stable in the binary 

systems studied, the treatment of the stoichiometric carbides and the metastable end-

member carbides is different. Furthermore, the carbides which are metastable in the 

binary systems but stable in the ternary system are also modelled in yet another way. 

3.2.1. Stable carbides in the binary systems 

 

Carbides in solution phase 

There are three stable solid solution phases in the Co-C and Cr-C systems: bcc, fcc and 

hcp. The end-member carbides in these phases are hypothetical and there are therefore 

no experimental data available. These carbides are modelled in a way similar to  Eq. 3.3 

but with BT-term replaced by a term proposed by Hillert and Selleby [37]. Their 

method was proposed since the BT-term in the description of Gibbs energy will give a 

non-zero (-B) contribution to the entropy at 0 K which violates the third law of 

thermodynamics. To solve this problem, a simple polynomial function was introduced 

in the work by Hillert and Selleby [37]. The main idea of this method is to cancel the 

linear temperature-dependent term in the expression for the Gibbs energy thus 

guaranteeing the entropy to be zero at the absolute zero temperature. In this treatment 

A+BT is replaced by: 

 
1 1[ (1 / ) / ]nG A B T T T T n                                                                                                       (3.4) 

2
2

1 1 1

1

1 1
2,  - (1- / ) ( )

2 2 2

BT
n L A BT BT T T A BT

T
                                                                (3.5) 
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2 3
3

1 1 1 2

1 1

1 1
3,  - (1- / ) ( )  

3 3 3

BT BT
n L A BT BT T T A BT

T T
                                                    (3.6) 

The n could be any positive integer larger than 1 and T1 is a constant which is suggested 

to be chosen as a temperature within the temperature interval where there is 

experimental information. In Paper 4, T1 was chosen as the melting temperature of the 

metallic element. The polynomial used in the work of Hillert and Selleby [37] is a 

combination of n=2 and n=3 and the sum of the weight for different n should be equal to 

1 to make sure the linear T term cancels. In the present work, the “weights” were 

assigned equally (0.5) to n=2 and 3 to make the polynomial simpler: 

2 3

1 1

1 1

2 3
' ' 2 ' 3

1 2

1 1

 1 1
2 2 2 3

5 3
       ( )         

12 4 6

T TB T B T
G A T T

T T

BT BT
A BT A B T C T

T T

      
                      

      

                                                      (3.7) 

2

2

1 1 11

3
= (3- )=0 at 0 K

2 22

BT BT BT T
S

T T TT
                                                                                           (3.8) 

1 1

3

2
P

BT T
C

T T

 
   

 
                                                                                                                           (3.9) 

The linear T term is cancelled and there is no contribution to the entropy at 0 K. The 

third law of thermodynamics is thus obeyed. It should be emphasized that even though 

this method may seem complicated it does not introduce any additional parameters to be 

optimize. However, the use of this method will give an excess contribution to the heat 

capacity which violates the Neumann-Kopp rule and Nernst’s heat theorem. Further 

studies are needed to evaluate the effect on the heat capacity caused by the application 

of this method. Generally, a higher T1 could reduce this effect. 

Using this new method, the Gibbs energy of the metastable end-member carbides could 

be re-written as: 

:

2 3

1 1
:

1 1

1 1
2 2 2 3

X Y

M C

M C Graphite

M Va C

T TB T B T
G X G Y G A T T

T T

  
      
                       

                (3.10) 
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This equation could be applied to the end-member carbides for the mentioned solution 

phases: hcp, fcc and hcp. A and B are the model parameters to be optimized to fit the 

experimental information.  

 

Stoichiometric carbides 

There are three stable stoichiometric carbides in the Co-C and Cr-C systems: Cr3C2, 

Cr7C3 and Cr23C6. In Paper 3, attempts are made to describe the Gibbs energy of these 

carbides using an Einstein function with scaling factors. The new models introduced in 

Chapter 2 provide a framework to describe the Gibbs energy of the pure elements using 

the Einstein model. Carbide which has more than one atom in its formula, however, 

cannot be described by such a simple Einstein function. To model the heat capacity of 

carbide, CrXCY, a so-called “effective Einstein function’’ was introduced. 

 

2 /
'

2
/

3
1

E

E

T
Ein E
P

T

e
C N R

T e





 
  

  
                                                                                                     (3.11) 

The heat capacity and the Gibbs energy of the carbide CrXCY is thus given as 

 

2 /
'

2
/

3
1

E

E

T
nE

p
T

e
C N R aT bT

T e





 
   

  
                                                                                   (3.12) 

' ' 2 1

0

3
3 ln 1 exp

2 2 ( 1)

nE
E

a b
G E N R N RT T T

T n n


   

           
                                     (3.13) 

The Einstein temperature, a and b are model parameters optimized to reproduce the 

experimental heat capacity data. The parameter 0E  was assessed by fitting to the 

experimental phase equilibria data on the Cr-C system. The scaling factor 'N  is a fitting 

parameter for the specific carbide. The value of 'N  was found to depend on the 

stoichiometry as well as on the crystallographic structure of the carbide and is in the 

range between X and X+Y. A simple relation between the scaling factor and the 

inherent property of the compound i.e. the stoichiometry and structure is proposed in 

Paper 3: 

' ( )N N X Y                                                                                                                                   (3.14) 
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x C
N x Cr

s x Cr
 


                                                                                                                     (3.15) 

Where x(Cr) and x(C) are the mole fractions of Cr and C in the formula CrXCY, 

respectively. s is a constant dependent on the structure of the carbide. N gives the 

effective number of atoms in one mole of normalized carbide (for example, the 

normalized Cr3C2 is Cr0.6C0.4) and 'N  per mole of formula units. The first term in the 

expression for N indicates the contribution from the Cr atoms; and the second term 

gives the coupling between the stoichiometry and the structure of the carbide. For the 

CrXCY carbides, the value of s turned out to be 3 for the orthorhombic carbide (Cr3C2 

and Cr7C3) and 4 for the cubic carbide (Cr23C6). For example, for the Cr3C2 carbide we 

have 
0.4

0.6 0.822
3*0.6

N     and ' 4.11N  . It is not surprising to see that the 

contribution from the Cr atoms is dominating for the lattice vibration considering the 

fact that the carbon atoms occupy the interstitial sites in the crystal lattice. This relation 

may be helpful in future works on other stoichiometric compounds such as nitrides, 

oxides and other carbides, etc. The assessed heat capacity of Cr3C2 using this proposed 

method compared with the experimental data [38-41] and the description from the 

second generation databases [31] is plotted in Fig 4.1. The previous description of the 

heat capacity, which is a linear function of temperature, reproduces the experimental 

data well in the intermediate temperature range but not so well when extrapolating to 

both lower and higher temperatures. The new description could fit the experimental data 

quite well from 0 K up to high temperatures. Fig 4.2 shows the calculated Gibbs energy 

of formation of Cr3C2 compared with the experimental data [30, 40, 42-54] and the 

description from second generation databases [31, 55]. The Gibbs energy of formation 

described by the new description has less steep temperature dependence compared to 

the previous CALPHAD descriptions and similar to the ab initio calculated results 

obtained by Kaplan et al. [56]. 
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Fig 3.1 Calculated heat capacity for Cr3C2 compared with the description from Lee [31] and 

experimental and previously assessed data [38-41]. The present work is plotted with a black 

solid line and the red dashed line is the description from Lee [31]. 

 

Fig 3.2 The calculated Gibbs energy of formation for Cr3C2 compared with the experimental 

and estimated data [30, 40, 42-54] as well as the descriptions from Lee [31], Kajihara and 

Hillert [55] and Kaplan et al. [56]. 
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3.2.2. Metastable carbides in the binary systems  

The stability of some carbides which are not stable in the binary systems need to be 

determined for the assessment of the ternary system. In Paper 5, these carbides were re-

evaluated within the framework of the third generation thermodynamic databases. 

End-member carbides in solution phases 

There are three metastable end-member carbides in the C-Co-Cr system: CrC for fcc, 

CrC0.5 for hcp, and CoC3 for bcc. These carbides are the end members of the interstitial 

solid solution phase which could be generalized to the formula (M)1(C,Va)c. For the 

carbides for which information on their thermodynamic properties is available, the 

thermodynamic functions are described similarly to the description of the “real” 

carbides (Eq. 3.12-3.13) but a different scaling factor is introduced:  

 

2 /

2
/

3(1 )
1

E

E

T

E
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                                                                                                (3.16) 

0

3
(1 ) 3(1 ) ln 1 exp

2

E
EG E c R c RT

T




  
        

  
                                                             (3.17) 

c indicates the number of interstitial sites per metallic atom. The value of the scaling 

factor for the Einstein function is equal to the number of atoms in the formula MCc. 

For the carbides whose thermodynamic information could not be found in the literature, 

the Gibbs energy is modelled by the method used to describe the stable end-member 

carbides in the solution phase i.e. Eq. 3.10. 

 

Stoichiometric carbides 

Metastable stoichiometric carbides such as Co3C2 are modelled using the Einstein 

function with scaling factors. The heat capacity and the Gibbs energy are expressed as: 

 

2 /
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                                                                                      (3.18) 
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0

3
( ) 3( ) ln 1 exp
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                                                      (3.19) 

The scaling factor of the Einstein function is equal to the number of atoms per formula 

unit.  
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Chapter 4  

4. Description of higher-order systems 

 

4.1. Compound energy formalism (CEF) 

In this chapter, the descriptions of the relevant binary systems (Co-C, Cr-C and Co-Cr) 

and ternary (C-Co-Cr) are described. All phases in this thesis are modelled within the 

framework of the Compound Energy Formalism (CEF) [57]. In CEF, a phase consists of 

a set of sublattices based on its characteristic crystallographic properties. The general 

expression for the molar Gibbs energy in CEF can be described as [58-60]: 

srf cnf E phys

m m m m mG G G G G                                                                                                     (4.1) 

In equation 4.1, the ‘srf’ means the surface of the reference and cnf

mG  represents the 

contribution from the configurational entropy. E

mG  stands for the excess Gibbs energy 

of this phase. phys

mG  describes the contribution to the Gibbs energy caused by particular 

physical effect, usually the magnetic effect. 

 
0 0

0

srf

m I I

I

G P Y G                                                                                                                        (4.2) 

( ) ( )

1 1

ln( )
snn

cnf s s

m s i i

s i

G RT a y y
 

                                                                                                       (4.3) 

   
1 1 2 2

1 2

...E

m I I I I

I I

G P Y L P Y L                                                                                            (4.4) 

where I  is a constituent array describing all possible combinations of the considered 

species. When the constituent array is of the zeroth order, there is only one constituent 

on each sublattice.  

 
0IP Y  denotes the product of the constituent fraction for the combinations included in 

0I . 
0IG represents the Gibbs energy of the end member specified in 0I . For the first 
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order constituent array, there is one extra constituent in one sublattice compared to 0I . 

For the second order constituent array, there are two extra constituents that can be 

assigned to the sublattices in two possible ways: two in one sublattice; one in one 

sublattice and one in another. For the second order constituent array, there are three 

extra constituents. R  is the gas constant and sa  is the number of sites on each sublattice. 

( )s

iy  represents the fraction of I  on the sublattices. E

mG  is the notation for the excess 

Gibbs energy and L  is the interaction parameters which could be expressed by a 

Redlich-Kister polynomial [61].  The Eqs. 4.1-4.4 are the general forms for CEF which 

were applied for all solution phases and specific examples in the C-Co-Cr system were 

given in the next section.  

4.2. Thermodynamic modelling of solution phases 

4.2.1. Liquid phase  

In the second generation of CALPHAD databases, the liquid phase is described using a 

substitutional solution model (i.e. one “sublattice”). The one-sublattice model could be 

considered as a special case of the CEF because the site fraction y can be replaced by 

the mole fraction x in this case. The Gibbs energy of the liquid phase is expressed as: 

lnliq liq E liq

m i i i i m

i

G x G RT x x G                                                                                              (4.5) 

0

( )
n

bin E liq v liq k

m i j ij A B

i j i v

G x x L x x

 

                                                                                        (4.6) 

ter E liq liq

m i j k ijkG x x x L                                                                                                               (4.7) 

, , , , , , , ,

liq Co liq Cr liq C liq

Co Cr C Co Co Cr C Cr Co Cr C C Co Cr CL x L x L x L                                                                           (4.8)                         

xi is the mole fraction and L is interaction parameter between A and B. 

As mentioned in Chapters 1 and 2, a generalized two-state model is introduced to 

describe the liquid-amorphous phase in the third generation CALPHAD database. The 

dG  term can be described in the two-state model in the following way:  

 ln ln 1 exp( / )liq am am E liq

binary i i i i d m

i

G x G RT x x RT G RT G                                          (4.9)                         
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i Ex

d i d d

i

G x G G                                                                                                                         (4.10)                         

0

( )
n

bin Ex k k

d A B d A B

k

G x x G x x


                                                                                                  (4.11)                         

... dG A BT                                                                                                                             (4.12)                         

In this thesis work, only binary excess dG  terms were used but if necessary also ternary 

excess dG -terms could be used. 

4.2.2. Solid solution phases 

 

Bcc, fcc and hcp phases 

 

The solid solution phase bcc, fcc and hcp are modeled using a general formula 

(Co,Cr)1(C,Va)c  in the ternary C-Co-Cr system. In the binary cases, it is of course 

reduced to (Cr)1(C,Va)c , (Co)1(C,Va)c  or (Co,Cr)1(Va)c respectively. More generally, 

the Gibbs energy could be described as below: 

' ' ' ' '' ''

: ln ln E mag

m M I M I M M I I m m

M I M I

G y y G cRT y y y y G G  
     

 
                              (4.13)                         

' ' '' '' '' ''

, : : ,

E

m Co Cr I Co Cr I Va C M M C Va

I M

G y y y L y y y L                                                                            (4.14)                         

M denotes the metallic element (Co, Cr in this case) and I represents the interstitial 

atom which is carbon in this case. 

 

M23C6 

The M23C6 phase was modelled by a 3-sublattice CEF model rather than a 2-sublatice 

one, (Co,Cr)20(Co,Cr)3C, to be consistent with the assessment of the higher-order 

systems, e.g. W-Co-Cr-C where the metallic element such as W has preferential 

positions. Thus, the molar Gibbs energy of this phase is described below: 
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                                                         (4.15)   

23 6 23 6 23 6' ' '' '' '' '

, : : : , :
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M C M C M CE

m Co Cr M Co Cr M C Co Cr M M Co Cr C

M Co Cr M Co Cr
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                                               (4.16)   

 23 6 ' ' '

, : : , : :

v
M C v

Co Cr M C Co Cr M C Co Cr

v

L L y y                                                                                            (4.17)   

 23 6 '' '' ''

: , : : , :

v
M C v

M Co Cr C M Co Cr C Co Cr

v

L L y y                                                                                            (4.18)   

Actually the M23C6 could be simply described by a 2-sublattice model in the formula 

(Co,Cr)23C6 because there is no available experimental determination on the preferential 

occupancy for Co and Cr. Thus the 3-sublattice model should also describe a uniform 

distribution of the metallic elements as the 2-sublattice model does. In paper 5, the 

relation among the excess parameters of the 3-sublattice model reported in the work of 

Kaplan et al. [34] was used as the constraints to correctly reproduce the disorder 

behavior of Co and Cr.  

 

M7C3 and M3C2 

 

Due to the lack of information on the ordering of the metallic elements, both phases 

were described by a 2-sublattice model according to the formula (Co,Cr)xCy. The Gibbs 

energy of these two phases is given below: 

' ' '

:

, ,

lnMxCy MxCy E MxCy

m M M C M M m

M Co Cr M Co Cr

G y G yRT y y G

 

                                                         (4.19)   

' '

, :

E MxCy MxCy

m Co Cr Co Cr CG y y L                                                                                                                  (4.20)   

M represents the metallic elements Co and Cr; C denotes the carbon. 

 

Sigma phase  

 

Similar to the other intermetallic phases, the sigma phase has a complex crystal 

structure. Its unit cell consists of 30 atoms occupying five distinct crystallographic sites 

corresponding to five sublattices with 2, 4, 8, 8, 8 sites, respectively (see Table 4.1). 

Theoretically, all five sublattices should be considered in the thermodynamic model. In 
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practice, the 5-sublattice model contains 2
5
 =32 end-members which are too many to 

evaluate with the rather sparse experimental information available. To reduce the 

number of model parameters the number of end-members can be reduced by using 3-

sublattice models. Previously the A8B4(A, B)18 [36, 62] and the A10B4(A, B)16 [63, 64] 

models have been employed. According to the first model [36], the Gibbs energy of the 

sigma phase in the Co-Cr system could be described as: 

 : : : : 18 ln( ) ln( )sigma E

m Cr Co Cr Cr Co Co Cr Co Cr Cr Co Co mG y G y G RT y y y y G                          (4.21)   

: : 1 18 22fcc bcc

Co Cr Cr Co CoG G G A B T                                                                                           (4.22)   

: : 2 28 4 18fcc bcc bcc

Co Cr Co Co Co CoG G G G A B T                                                                             (4.23)   

However, the simplified 3-sublattice model could not reproduce the compositional 

range and desired physical properties of the sigma phase in some systems satisfactorily 

[65, 66]. The A8B4(A,B)18 model is unable to describe the ordering at A2B where the 

sigma phase orders and the A10B4(A, B)16 model cannot reproduce the site occupancy of 

B in the 4f sites [64]. To solve this problem, a partitioning model [67, 68] was 

employed in Paper 1 to describe the Gibbs energy of the sigma phase in the Co-Cr 

system. The main idea of the partitioning model is to divide the expression of the Gibbs 

energy into two parts: one is the disordering part depends only on the mole fraction x 

and another is the ordering part which depends on the site fraction y. For the phases that 

never disorders (e.g. sigma phase), the molar Gibbs energy can be expressed as: 

, ( ) ( )SIGMA disordered ordered

Co CrG G x G y                                                                                              (4.24)   

,

,

( )disordered

i i i j i j

i i j

G x x G x x L                                                                                             (4.25)   

1 28 82 4 8( ) lni iordered a f j s s s

A B C D E ABCDE i i

ABCDE s i

G y y y y y y G RT a y y                                         (4.26)   

The Gibbs energy of the sigma phase is partitioned into two parts: the configuration-

dependent ordering energy G(y) and composition-dependent disordering energy G(x). 

The ordering energy of the end-members may be calculated using DFT methods [69-71]. 

Only a few adjustable excess parameters are needed in the disordering energy part. This 

ab initio aided model significantly reduces the number of model parameters to be 
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determined and makes the 5-sublattice model accessible for the CALPHAD assessment. 

The details of this model and relevant references on the sigma phase can be found in 

Paper 1. 

Table 4.1 The crystallographic information of the sigma phase 

   
    Phase                                  Space Group     Pearson symbol  
    Sigma   P42/mnm                  tp30  
     Sites Wyckoff index     Coordination 

                                    number         
 

        1         2(a)                          12  
        2         4(f)                           15  
        3         8(i)                           14  
        4         8(i)                           12  
        5         8(j)                           14  

 

4.2.3. Magnetic model  

The magnetic model describes the alloying effect by treating the desired physical 

quantities such as Curie temperature, TC, and magnetic moment, beta, as composition-

dependent functions: 

:A B A B A B

C A C B C A B CT x T x T x x T                                                                                                    (4.27)   

:A B A B A B

A B A Bx x x x                                                                                                      (4.28)   

The magnetic models introduced in Chapter 1 only deal with the ferromagnetic (FM) 

transition and none of them could describe the antiferromagnetic transition. Following 

the proposal in the work of Weiss and Tauer [72], Hertzman and Sundman [73] applied 

the Inden-Hillert-Jarl model [19, 20] to antiferromagnetic (AFM) elements by treating 

the parameters for AFM ordering as negative values divided by a structure-dependent 

factor, the so called Weiss factor.  

As mentioned in the work of Xiong et al. [74], this treatment will lead to an artificial 

maximum Néel temperature at the AFM element-rich side when the model is applied to 

a binary system containing both FM and AFM elements. Xiong et al. [74] revised this 

model to eliminate these artifacts and the revised model is presented below:  

ln( * 1) ( )magn

mG RT f                                                                                                               (4.29)   

 ( ) 0                         0f                                                                                                           (4.30)   
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3 9 15 21 11
( ) 1- 0.63570895 1 0.38438376  0 1

6 135 600 1617 C

T
f D

p P T

    
 

     
             

     

 (4.31)   

7 21 35 49

( )                1
21 630 2975 8232 C

T
f D

T

   
 

      
        

   

                                                     (4.32)   

*  is the effective magnetic moment of the system which is defined as: 

 * 1 1ix

i

i

                                                                                                                       (4.33)   

i  is the local magnetic moment of element i. In this modified magnetic model, the 

magnetic contribution to the Gibbs energy is set as zero when the magnetic transition 

temperature is below or equal to zero kelvin. This treatment eliminates the artificial 

coupling effect of the FM and AFM caused by the Weiss factor in the previous models. 

4.2.4. Interaction parameters 

In Chapter 2, a new method [37] was introduced to avoid violation of the third law of 

thermodynamics. Considering that the random mixing of a solution contributes a 

positive value to entropy at absolute zero temperature, the aim to introduce the Hillert-

Selleby method [37] in describing the interaction parameters for the binary system is to 

avoid negative entropy at absolute zero temperature. The excess parameters for the 

binary system are expressed as: 

E

m A BG x x I                                                                                                                                   (4.34)   

1 2 2( ) ( ) ...o

A B A BI L L x x L x x                                                                                         (4.35)   

0

( )
n

E k k

m A B A B

k

G x x L x x


                                                                                                         (4.36)   

2 3

1 2

1 1

5 3
( )

12 4 6

BT BT
L A BT

T T
                                                                                                    (4.37)   

In this thesis work, T1 was chosen as the melting temperature of the metallic elements. 

Generally, the value of A and B obtained by using H-S method is comparable to (in the 

same order of magnitude) the corresponding parameters in the A+BT method. 
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4.3. Review of binary systems 

The available binary descriptions in the second generation database provide valuable 

references for the assessment of the corresponding binaries for the third generation 

databases. In the following, the previous assessments of the three binaries are reviewed. 

4.3.1. Cr-C system 

The thermodynamic description of the Cr-C system has been evaluated several times 

due to the difficulties in determining the stability of the Cr-carbides. The first attempt to 

assess the Cr-C system using the CALPHAD method was made by Andersson [30]. 

Later, Kajihara and Hillert [55] found that the stability of the Cr-carbides in Anderson’s 

work [30] was overestimated for the Ni-Cr-C system and reassessed the Cr-C system 

based on the experimental information on Cr-C and Ni-Cr-C. Lee [31] critically 

reviewed these two descriptions by taking the ternary systems Ni-Cr-C and Fe-Cr-C as 

well as the quaternary systems Fe-Cr-V-C and Fe-Cr-V-C into consideration. A 

combination of the previous two sets of descriptions of the Cr-carbides has been 

obtained as an optimal description in Lee’s work [31] giving higher weight to the one 

by Andersson [30]. So far, Lee’s description [31] is the most widely accepted 

CALPHAD description for the Cr-C system (see Fig 4.1). Teng et al. [45] and Khvan et 

al. [75] also re-evaluated the Cr-C system but their descriptions have not yet been 

widely used in the CALPHAD community. 
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Fig 4.1 Calculated Cr-C phase diagram from Lee’s description [31] compared with 

experimental data [76, 77]. 

4.3.2. Co-C system 

The Co-C phase diagram is relatively simple because there are no stable stoichiometric 

carbides in this system. The thermodynamic description obtained by Fernández 

Guillermet [35] has been widely accepted (see Fig 4.2). 

4.3.3. Co-Cr system 

The Co-Cr binary system is an interesting case in the view of CALPHAD assessment. It 

has a magnetic miscibility gap on the Co-rich side and an intermetallic phase in the 

middle of the phase diagram. The thermodynamic properties of the Co-Cr system have 

been studied several times. Kaufman and Nesor [78] made the first attempt to evaluate 

this system using the CALPHAD method. Later, Allibert et al. [79] re-assessed it based 

on their own experimental measurements on phase equilibria. The work of Hasebe et al. 

[80] was the first to take the magnetic effect into account and predicated a magnetic 

miscibility gap in fcc at the Co-rich side. An updated thermodynamic description of the 

Co-Cr system was presented by Kusoffsky and Jansson [36] (see Fig 4.3) who modelled 

the sigma phase with a 3-sublattice model introduced in section 4.1. Houserova et al. 

[71] attempted to describe the sigma phase using a 2-sublattice model with the help of 
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DFT calculations but only part of available experimental information was considered in 

their work. Oikawa et al. [62] determined the magnetic miscibility gap experimentally 

and re-calculated the phase diagram. However, their assessment met some difficulties in 

modelling the sigma phase which is indicated by the missing congruent transition 

between bcc and sigma in their calculated phase diagram. 

The work in Paper 1 re-evaluated the thermodynamic description of the Co-Cr system 

focusing on the modelling of the sigma phase. The 5-sublattice partitioning model used 

to describe the sigma phase has been introduced in section 4.1.  Using this model, the 

site occupancy of the Co/Cr atoms in the sigma phase could be reproduced correctly 

(see Fig 4.4). Fig 4.4 indicates that sublattices 1 and 4 are preferably occupied by Co 

atoms while sublattice 2 is almost completely occupied by Cr atoms. Sublattices 3 and 5 

are something between these two cases. Thus, if one were to simplify the 5-sublattice 

model to a 3-sublattice model the site-numbers 10-4-16 rather than 8-4-18 should be 

preferred. The calculated phase diagram of the Co-Cr system from Paper 1 is plotted in 

Fig 4.5. The fit to the experimental data is satisfactory. 

 

Fig 4.2 The calculated phase diagram of Co-C system using the description of Fernández 

Guillermet [35] compared with the experimental data from different sources [81-92]. 
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Fig 4.3 The site occupancy of Cr in sigma on the different sublattices denoted 1 to 5. 

 

Fig 4.4 Calculated Co-Cr phase diagram compared with the experimental data [62, 79, 80, 93]. 
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4.4. Updated descriptions of the binary systems 

Using the updated models, Co-C, Cr-C and Co-Cr binary systems are re-assessed for the 

third generation of thermodynamic databases. The details of these assessments are 

presented in Paper 4. In this thesis work, some results are presented to illustrate the 

application of the updated models for these binary systems. 

The calculated phase diagram of the Co-C system compared with the experimental data 

[81-92] was shown in Fig 4.5. It is worth mentioning that the melting temperature of the 

pure carbon in the third generation database is 600 K lower than its counterpart in the 

second generation databases. It causes some difficulties in the assessment of the Co-C 

system because the graphite liquidus shows a peculiar shape. This problem is however 

solved by replacing the first-order excess parameters in the liquid phase with the zeroth-

order excess term in the two-state model. The ΔGd excess terms thus provide more 

accommodation to improve the accuracy of the fit to the experimental data. 

 

Fig 4.5 The calculated Co-C phase diagram using the description in paper 4 was plotted 

together with the experimental data [81-92]. 



CHAPTER 4   DESCRIPTION OF HIGHER-ORDER SYSTEMS 
 

 

35 

 

 

Fig 4.6 The detailed Co-C phase diagram was plotted together with the experimental data (the 

symbols for different sets of the experimental data could be found in Fig 4.5) [81-92]. 

 

Fig 4.7 Calculated Cr-C phase diagram using the description in paper 4 compared with the 

experimental data [76, 77]. 
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The comparison between the calculated Cr-C phase diagram and the experimental data 

points was plotted in Fig 4.7. The present phase diagram, compared with the one of the 

second generation, was improved at very low temperatures (below 100 K). 

Most parameters of the Co-Cr system listed in Paper 1 are still suitable for the 

description of the Co-Cr system assessed in Paper 4. This indicates that the parameters 

for the binary system of the third generation will not be changed considerably compared 

to their counterpart of the second generation if the descriptions of the important physical 

properties do not vary significantly. Fig 4.8 shows the calculated Co-Cr phase diagram 

compared with the set of experimental data from different sources. A good agreement 

was achieved between the calculated results and the experimental data. Detailed phase 

diagram on the Co-rich side is plotted in Fig 4.9. The fit to the experimental data is 

convincingly good.   

 

Fig 4.8 Calculated Co-Cr phase diagram using the description from paper 4 compared with the 

experimental data from different sources [62, 79, 80, 94]. 
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Fig 4.9 Calculated Curie temperatures of hcp and fcc phases in the Co-Cr system (paper 4). The 

blue dotted line for the hcp phase and the black dotted line for the fcc phase. 

 

4.5. Review of the Co-Cr-C system 

The assessment of the Co-Cr-C system has been performed several times for the second 

generation of thermodynamic databases. The work of Kusoffsky and Jansson [36] was 

the first attempt to evaluate the thermodynamic properties of this system using the 

CALPHAD method. Later, Markström et al. [33] re-assessed this system based on new 

experimental results from Sterneland et al. [95] as well as the work of Frisk and 

Markström [96]. Recently, Kaplan et al. [34] revised the Co-Cr-C system by taking into 

account recent experimental results on the solubility of Co in the Cr-carbides [33,100]. 

4.6. Updated description of Co-Cr-C system 

The CEF models used in the second generation CALPHAD databases for the ternary 

and higher order systems are still valid for the construction of the third generation 

CALPHAD databases. The existing methods could extrapolate the available binary 

systems into the higher-order systems reasonably well and have been successfully 

applied to various kinds of materials.   
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The assessment of the C-Co-Cr system is presented in Paper 5. The fit to the 

experimental data on the isothermal sections are satisfactory (see Fig 4.10). The 

solubility of Co in the stable Cr-carbides is well described by the new description of the 

C-Co-Cr system. In addition, the experimentally determined pseudo-binary cut (vertical 

section along the joint between Co0.67Cr0.33 and Cr6.15Co0.85C3) [97, 98] could be 

reproduced reasonably well by the present description (see Fig 4.11). The eutectic point 

could be accurately predicted in terms of the temperature range but at somewhat lower 

carbon content compared to the experimental results. The calculated activity of carbon 

at different temperatures was plotted together with the experimental data from the work 

of Tuma and Löbl [99] in Fig 4.12. A reasonable fit to the experimental information was 

achieved. 

 

Fig 4.10 Calculated isothermal sections at 1523 K using the description from paper 5 compared 

with the experimental data from Kaplan et al. [100] and Markström et al. [33].
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Fig 4.11 The calculation of the pseudo-binary section using the description from paper 5 in 

comparison with the experimental data [97, 98]. 

 

Fig 4.12 Calculated activity of carbon at 1373 K using the description from paper 5 compared 

with the experimental data [99]. 
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Chapter 5  

5. Concluding remarks and future work 

5.1. Concluding remarks 

In this work, the thermodynamic description of the C-Co-Cr system has been 

constructed using the CALPHAD approach within the framework of the third 

generation CALPHAD databases. It could be argued that it is the first attempt for the 

construction of a genomic CALPHAD database.  The relevant subsystems (Co, Co-C, 

Cr-C and Co-Cr) have been re-evaluated through parameter optimization using the 

Thermo-Calc software and new descriptions have been developed. All the solution 

phases are modelled within the framework of the compound energy formalism. The 

more physically based models employed in the third generation CALPHAD databases 

enable the thermodynamic functions to describe the physical properties below room 

temperature and to perform extrapolations with more confidence. A good agreement 

between the present descriptions and the experimental data was reached. The present 

work made attempts to find a way to model the stoichiometric compounds using 

Einstein functions and a better fit to the experimental Cp data was obtained when 

compared to previous descriptions. However, the new models as well as the new 

descriptions need to be further tested in higher-order systems. A dilemma between the 

physical soundness and the simplicity of the thermodynamic models should be further 

discussed in the future work of the development of the third generation of CALPHAD 

databases. 

5.2. Future work 

The assessment of C-Co-Cr could form the basis for further studies of many higher-

order systems. Two of the most interesting applications are cemented carbides and 

steels.  

As mentioned in the introduction part, the W-Co-Cr-C is one of the most widely used 

cemented carbides in production. The addition of W will extend the existing system to 
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the material of industrial use. Also it will provide a chance to check the stability of the 

Cr-carbides in an important higher-order system. Addition of Fe will lead to the Fe-Co-

Cr-C and its sub-system Fe-Cr-C which plays a central role in the industry of tool steels. 
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