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Abstract 
 

This thesis concerns thermodynamic modeling of carbides in multicomponent systems. Focus 
has been made on systems interesting for cemented carbide production but the results are also 
useful for many other application were the material consist of different carbides, for example 
tool steels/high speed steels.  
 
The Co-W-C system forms the basis in cemented carbide production. An accurate 
thermodynamic description of this system is therefore crucial for extrapolation into higher 
order systems. New experimental results on the liquid+fcc+graphite+WC and 
liquid+fcc+WC+M6C equilibrium temperatures, that has recently been published, shows that 
these equilibrium temperatures are higher than the values used in the available assessment of 
Co-W-C. Since an accurate description of these equilibrium temperatures are very important 
for production of cemented carbides and when extrapolating into higher order systems a re-
assessment of the Co-W-C system is presented.  
 
Cr is sometimes deliberately added to lower the melting point, reduce grain growth and/or 
increase corrosion resistance in the production of cemented carbides. When adding chromium 
there is a risk of forming an unwanted M7C3 carbide. It is therefore of great interest to know 
the stability of this carbide. New experimental results on the maximum solubility of Co in the 
M7C3 is presented as well as a new thermodynamic description of the Co-Cr-C system which 
accurately describes the solubility of Co in the M7C3 carbide in the temperature range 1373-
1723 K. 
 
The assessment of a system, and the determination of Gibbs energy functions, is 
straightforward when reliable and consistent thermochemical and phase equilibrium 
information is available. However, reliable experimental information is often lacking or does 
not give a unique set of model parameters, and therefore different strategies to estimate 
information have been developed. In the present work the excess energies for A1-xBxC mixed 
carbides (where A and B are metals) have been calculated using ab-initio calculations, for 14 
systems. A thorough comparison has been made with experimentally assessed excess 
energies. The comparison shows that ab-initio calculations can be used to predict the sign, 
magnitude and symmetry of the excess energy for A1-xBxC mixed carbides. The calculated 
excess energies have also successfully been used to describe several AC-BC systems where 
the experimental information does not give a unique determination of the excess energy in 
traditional CALPHAD modeling. 
 
Experimental work has also been done on the C-Co-Ti-V-W-Zr system in order to determine 
the extension of the miscibility gaps in TiC-ZrC and VC-ZrC into the (TiC or VC)-ZrC-WC 
system. Thermodynamic calculations were used to design samples that will form a miscibility 
gap in equilibrium with liquid, WC and graphite. Samples were produced from powder and 
sintered for 1 week in controlled atmosphere at 1300, 1410 and 1500 °C. From the 
microstructure it could be concluded that the samples form a miscibility gap in equilibrium 
with liquid, WC and graphite at all temperatures. The composition of the MCx carbides was 
measured using an analytic SEM. The new experimental information was used to assess the 
thermodynamic description for the TiC-ZrC system.  
 
Keywords: Thermodynamic modeling, Calphad, Co-W-C, Co-Cr-C, M7C3, MC carbide, Ab-
initio, excess energy, mixed carbides, miscibility gap, TiC-ZrC 
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1. Introduction 
 

1.1 Historic background of Cemented carbides 
 
Cemented carbides originate from the early 1920’s when the German electric bulb company, 
Osram, looked for alternatives to the expensive diamond drawing dies used in the production 
of tungsten wire. Their attempts led to the invention cemented carbides [1]. 
 
The first cemented carbide was a plain WC-Co alloy. Hard and brittle tungsten carbide 
particles were cemented by a soft and ductile cobalt binder. They are fabricated from powder 
by liquid phase sintering. A very good vetting of WC by the liquid Cobalt binder together 
with the high solubility of WC in cobalt at high temperature, results in an excellent 
densification during sintering and in a pore free structure. The result is a hard and tough tool 
material. 
 
In the early 1930’s the first steel milling grade was launched. In addition to tungsten carbide 
and cobalt this grade also contained titanium and tantalum carbides. By these additions the hot 
hardness, the high temperature wear resistance and the oxidation stability have been 
significantly improved. The cutting speed increased tenfold for turning and milling of steels 
compared to high speed steels. [1] Of course this revolutionized the productivity in many 
industries. 
 
By introducing the first coated grade in the beginning of the 1970’s the life time of tools were 
improved by a factor between 2 and 5. [1] The 5 µm coating of titanium carbide was made by 
a Chemical Vapor Deposition (CVD) process. By improving this technique with multilayer 
coatings such as aluminia, titanium nitride, titanium aluminum nitride, aluminium oxide and 
other materials, the life time has increased by 5 to 10 times. 
 
In parallel, continuous improvements in intermediates and manufacturing techniques have 
improved the purity and uniformity of the powders used. Together with new powder milling, 
spray drying and sintering techniques this has also resulted in improved hardmetal properties 
and performance. 
 

1.2 Computational thermodynamics 
 
Computational thermodynamics has shown to be a very powerfull tool for alloy design. By 
computanional thermodynamics, composition and process parameters can be optimised and 
reduce the lead time. Complex systems can be treated, wich makes it possible to make 
calulations on commercial products wich often consist of 6 elements or more and several 
phases. Software for computational thermodynamics uses Gibbs energy expressions that are 
stored in databases. Gibbs energy is chosen since it is minimized at equilibrium at constant 
temperature and pressure and those quantities are easy to control in experiments. Each phase 
is represented by an expression for Gibbs energy that is a function of composition, 
temperature and pressure. With a thermodynamic description of a system it is easy to 
calculate the influence that different elements have on the stability of e.g. different carbides. 
Determination of phase fractions and the solubility of elements in different carbides are also 
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easily calculated. By such calculations it is possible to optimize composition and sintering 
temperature instead of using time consuming and expensive experiments in order to develop a 
new alloy.  
 
The quality of the predictions from calculations is dependent on the quality of the 
thermodynamic database that is used. The thermodynamic data is frequently extrapolated 
from binary and ternary systems. Higher order systems are rarely critically evaluated, 
especially their validity in multi component alloy systems. The assessments are based on the 
available experimental information at the time and compromises are often made in order to 
describe the whole composition range without taking into account that certain parts are more 
relevant than others and thus demands a higher accuracy. Such critical evaluations together 
with new experimental information should be, and has been, the basis when developing a 
thermodynamic database specialized for cemented carbides. 
 

1.3 Aim of this work 
 
The aim of this work is to increase the knowledge of equilibria in multi-component systems 
with high amount of carbides. Special focus is given to the, for cemented carbides very 
important ternary systems, Co-W-C and Co-Cr-C and the mixing of cubic carbides. The work 
will form a basis for accurate calculation of type, amount and composition of different 
carbides and how this varies with temperature and alloy composition in the system Co-W-
C+Cr, Hf, Nb, Ta, Ti, V, Zr. That is, the influence those different elements have on the phase 
equilibria in the Co-W-C system.  
 
The Co-W-C system forms the basis in cemented carbide production. An accurate 
thermodynamic description of this system is therefore crucial for extrapolation into higher 
order systems. Since most cemented carbides are produced from liquid phase sintering an 
accurate description of the liquid+fcc+graphite+WC and liquid+fcc+WC+M6C equilibrium 
temperatures are very important. Those equilibria determine the lowest possible temperatures 
for liquid phase sintering. New experimental results on those phase equilibria by Kruse et al. 
[2] shows that these equilibrium temperatures are higher than the values used in the 
assessment of Co-W-C by Fermandez Guillermet [3], 1368 and 1298 °C compared to 1326 
and 1275 °C. The new experimental result demands a re-assessment of the Co-W-C system. 
In Figure 1, a pseudo binary section at 10 wt.% Co is shown using the description from [3]. 
As can be seen the liquidus temperature is too low compared to the measured liquidus 
temperatures by Kruse et al. [2]. By adopting the CALPAD method [4] all available 
thermodynamic information will be collected and analysed simultaneously to get a consistent 
set of thermodynamic parameters that describe most information within experimental 
uncertainty.  
 
The Co-Cr-C system is important for cemented carbide production since Cr is sometimes 
added to lower the melting point, reduce grain growth and/or increase corrosion resistance. 
The Cr-C system contains 3 types of carbides, M23C6, M7C3 and M3C2, and their maximum 
solubility of Co is not known. Results from a work of Zackrisson et al. [5] and experience 
from co-workers [6] indicates that the M7C3 carbide has a solubility of Co as high as 30 at%. 
The M7C3 is unwanted in the production of cemented carbides because of its brittleness and it 
occurs at high carbon activities. Therefore and accurate description of this carbide is crucial 
for cemented carbide applications. In Figure 2 a pseudo binary section of the Co-Cr-W-C 
system at 10wt%Co, 1wt%Cr is calculated. As can be seen the melting point is decreased 
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substantially by chromium addition and the M7C3 carbide is stable at high carbon levels 
narrowing the existence of the preferred fcc+WC equilibrium. By performing crucial 
experiments the maximum solubility of Co in the M7C3 carbide will be determined. The new 
experimental information will be used to re-assess the Co-Cr-C system. 
 

  
Figure 1. Pseudo binary section of the Co-W-C 
system at 10wt% Co using the description from 
[3]. 

Figure 2. Pseudo binary section of the Co-Cr-W-
C system at 10wt%Co, 1wt%Cr .. 
 

 
Cubic carbide formers like, Hf, Nb, Ta, Ti, Zr and V are sometimes intentionally added to the 
cemented carbide to reach desired properties. Most often these elements form mixed cubic 
carbides but for some systems a miscibility gap is formed. The thermodynamic properties of 
these Me1C-Me2C systems are very important when extrapolating into multicomponent 
systems. This will be crucial for predicting the solubility of different elements in the cubic 
carbide. For systems with a well known miscibility gap the determination of the 
thermodynamic parameters is rather straight forward and will give a unique determination of 
the so called interaction parameters. However, for systems with complete mixing the 
determination of the interaction parameters is more uncertain since a rather large change of 
the parameters will not affect the phase diagram that much. In Figure 3 and Figure 4 two 
different assessments are shown for the Ti-V-C system and compared with experimental data 
from Picha and Kroupa [7]. The experimental uncertainty on the carbon content was judged to 
be quite large by Picha and Kroupa so it is not possible to judge which assessment that is 
better from the calculated phase diagrams. By systematically combining ab-initio calculations 
with CALPHAD modeling for a wide range of Me1C-Me2C systems it would be possible to 
get a good estimation of sign, magnitude and symmetry for the interaction parameter. This 
will provide us with very useful information when assessing these kinds of systems. 
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Figure 3. Isothermal section of the Ti-V-C system 
compared with experimental results from Picha 
and Kroupa [7]. In this calculation a large 
negative interaction parameter was used for TiC-
VC (~ -100000). 

Figure 4. Is thermal section of the Ti-V-C system 
compared with experimental results from Picha 
and Kroupa [7]. In this calculation a positive 
interaction parameter was used for TiC-VC (~ 
+10000). 
 

 
In the C-Co-Ti-V-W-Zr system two sub-systems are known to produce a miscibility gap in 
the cubic carbide, namely the TiC-ZrC and VC-ZrC systems. The experimental information 
on these miscibility gaps is, however, limited and there is a need for new experimental 
information. The main objective will be to obtain new experimental information, and to 
analyse it using thermodynamic models. For industrial relevance the miscibility gaps will be 
determined in equilibrium with WC. This will give additional information on the extension of 
the miscibility gap into the TiC-ZrC-WC system. Together with previously evaluated 
thermodynamic descriptions, this will form a valuable tool for alloy development. 
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2. Experimental techniques and methodology 
 

2.1 Design of model alloys 
 
Most model alloys used in the present work were designed to reach a well determined 
equilibrium. This was achieved by reducing the degrees of freedom. According to the Gibbs 
phase rule the degree of freedom is F=C-P+2, where C is the number of components and P is 
the number of phases in the system for any equilibrium. The state variables temperature and 
pressure is represented by the number 2 in the equation since they appear in all 
thermodynamic systems. When determining the solubility of Co in the M7C3 carbide as in the 
present work, the maximum solubility is found for the three phase equilibrium, 
liquid+graphite+(Co,Cr)7C3. In this equilibrium we have 3 components and 3 phases and 
temperature and pressure are fixed. The degrees of freedom are zero. A change in 
composition will only affect the amount of phases and not the compositions of the phases as 
long as they are all present. The composition of the alloys was designed using thermodynamic 
calculations with preliminary descriptions of the systems studied. That is, estimation of the 
solubility of Co in the M7C3 carbide using the results from a work of Zackrisson et al. [5] and 
experience, that Co has a solubility in the M7C3 carbide as high as 30 at.% and estimation of 
the miscibility gap in the TiC-ZrC system using the experimental results from [8, 9]. The 
alloys were thereafter designed to contain 10-20 % binder, 5 % graphite, 25%WC, if present, 
and the remaining part of carbides, M7C3 or MC. 
 
The alloys were produced by powder metallurgical methods. Powders of the raw materials 
were weighed in specified amounts and milled for 8 hours, dried and compacted into small 
tablets of ∼1 gram each and were then subjected to different heat-treatments. The short 
diffusion distances when producing alloys with powder metallurgical methods ensures that 
equilibrium is reached within an acceptable heat-treatment time. To ensure that equilibrium 
has been reached in the samples within the used heat treatment times, it has been verified that 
the phase composition does not change when more than double heat-treatment times are used.  
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2.2 Heat treatments 
 
All model alloys in the present work were sintered in the same furnace. 
 
For the sintering a laboratory furnace model 1000-4560-FP20 from Thermal technology inc. 
with graphite elements was used. Since all of the heat treated samples in the present work are 
in equilibrium with graphite, eventual contamination from the graphite elements is not a 
problem. A controlled static argon atmosphere was used (99.9999 pct Ar, supplied by AGA 
Gas, Stockholm, Sweden). The temperature was controlled by a Eurotherm, type 818, 
regulator using a W-26 % Rh/W-5%Rh thermocouple as sensor. A schematic picture of the 
furnace can be seen in Figure 5 below 
 

 
Figure 5. Schematic picture of the laboratory furnace used in the present work. 
 
 The thermocouple was adjusted to be within 1 cm from the samples to ensure that accurate 
heat-treatment temperature was obtained. After the heat-treatment the samples were cooled by 
lowering the sample into the cooling chamber, which is cooled by flowing water of 10 °C. 
The cooling rate is approximately 200 °C /minutes down to 1000 °C. The fast cooling rate 
ensures that the microstructure reflects the conditions at the sintering temperature.  
 
It is of great important that the samples have not been pre-sintered before the heat-treatment 
since the equilibrium composition varies with temperature. A pre-sintered sample will consist 
of carbides that are close to the equilibrium composition at the pre-sintering temperature. The 
slow diffusion inside the carbides will then prevent the sample to reach equilibrium, within an 
acceptable time frame, if the sample thereafter is heat treated at another temperature. 
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2.3 Analysis of heat treated samples 
 
Before the specimen could be suspect for further analysis the heat-treated samples were cut in 
half, ground and polished for further examination. Below are the different analyzing methods 
described in more details. 
 
2.3.1 SEM using back scattered electron detector 
 
As mentioned in section 2.1, almost all of the model alloys in the present work were designed 
to reach equilibrium which has a minimum of degrees of freedom and consequently the 
uncertainty from sample composition can be neglected. In order to confirm that the heat-
treated samples contains all expected phases and verify that the samples are homogenous and 
do not have any compositional gradients all samples were subject to a SEM (Scanning 
Electron Microscope) backscattered analysis. The specimens are stroked with electrons with 
several kilovolts of energy producing several types of signals from the interactions with the 
atoms in the samples. Figure 6 shows some of the different signals that can be detected in a 
SEM and which volume they originate from.  
 

 
Figure 6. Interaction volume for an electron beam and the different signals that can be detected. [10] 
 
The signals from the backscattered electrons are used to determine that all phases are present 
and verification of homogeneity since the yield of backscattered electrons is directly related to 
the atom number of the phase composition, Z. Different phases and composition variations are 
therefore often easily detected. Heavy elements will give a higher yield of backscattered 
electrons and consequently will end up brighter in the backscattered image. Below is an 
example of a micrograph from the Co-Cr-C system. The black phase is graphite (Z=6), grey 
phase is (Co,Cr)7C3 ( Z≈19) and the light grey is binder (Z≈27). 
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Figure 7. SEM micrograph, using backscattered electrons, from the Co-Cr-C system. Black phase is 
graphite, grey phase is M7C3 and light grey is binder. 
 
2.3.2 WDS/EDS measurements with ASEM 
 
To determine the composition of the individual phases a combined EDS (Energy Dispersive 
Spectrometer) and WDS (Wave Dispersive Spectrometer) analysis was used. The INCA 
system from Oxford instruments was connected to handle the data for practical applications. 
When striking the specimen with electrons with several kilovolts of energy, X-ray 
characteristics are produced from the atoms present in the specimen. From the X-ray 
characteristics it is therefore possible to get a qualitative analysis of which elements that are 
present in the sample and by measuring how many X-rays of any type that are emitted per 
second it is possible to get a quantitative analysis of how much of an element that is present. 
In the present work a quantitative analysis was performed on all the heat treated alloys. 
 
In order to use the emitted X-rays for a quantitative analysis one needs to know which 
characteristic X-ray line is the most intense for each element. In Table 1 the X-ray energy and 
associated wavelength are presented for the elements that have been analyzed in the present 
work. 
 
Table 1. The X-ray energy and associated wavelength of the Kα and Lα lines of the elements analyzed 
in the present work. The respective atomic number, Z, and atomic weight, A, is also shown. 

Kα Lα Element Atomic 
number 

Atomic 
weight E(keV) Å (nm) E(keV) Å(nm) 

C 6 12.011 0.2774 4.47 0 0 
Ti 22 47.900 4.5089 0.28 0.4522 2.74 
V 23 50.942 4.9498 0.25 0.5113 2.42 
Cr 24 52.996 5.4117 0.23 0.5729 2.16 
Co 27 58.933 6.9254 0.18 0.7763 1.60 
Zr 40 91.220 15.7473 0.08 2.0424 0.61 
Nb 41 92.906 16.584 0.07 2.1659 0.57 
W 74 183.85 59.311 0.02 8.3977 0.15 
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The EDS detector analyses all X-ray energies simultaneously and the microanalysis system 
sorts and plots them for automatical identification of the elements. The EDS data is typically 
compared with either known or computer generated standards to produce a full quantitative 
analysis showing the sample composition. However, some of the elements have overlapping 
peaks and consequently an EDS analysis would not give a satisfactory result. In order to 
resolve this, a combination of WDS and EDS is used.  
 
WDS filters the incoming X-rays so that only X-rays of chosen wavelength are allowed to fall 
on the detector. The filtering is achieved by a crystal spectrometer that employs diffraction in 
order to separate the different X-rays. The resolving power of a crystal spectrometer is 
excellent and there are rarely any problems of overlapping adjacent lines. Since the operation 
is very time consuming the WDS analysis is favorably used for the operation were the 
advantages of WDS-analysis is greatest: Detection of low concentrations, detection of light 
elements and quantitative measurements of peak-heights. In the present work WDS-analysis 
were used for C, Zr, Nb and W.  
 
Before the measurement it is very important to calibrate all the standards to fit the actual 
composition range. Carbon was calibrated to be accurate around 10 weight percent in order to 
be able to measure the carbon and nitrogen contents in the carbonitrides. Separate 
measurements of the C content in the matrix were made in the case were the matrix has been 
solid during the heat-treatment. The standards used in those measurements are described in a 
separate section below. All other elements have reliable standards for measurements. All 
standards are presented in Table 2. The relative uncertainty for this setup is approximately 
±3%. 
 
Table 2. Standards used for respective element in the present work. 
Element Standard used Calibrated value 
C Cr7C3 8.85 wt. % C 
Ti Pure 100 wt. % Ti 
V Pure 100 wt. % V 
Cr Pure 100 wt. % Cr 
Co Pure 100 wt. % Co 
Zr Pure 100 wt. % Zr 
Nb Pure 100 wt. % Nb 
W Pure 100 wt. % W 
 
 
2.3.3 Measurement of low concentrations of C in the  binder. 
 
To be able to measure the C content in the matrix a separate calibration was made. For the 
carbon measurements in the matrix the following calibration standards were used: Pure iron, 
Fe-0.26%C, Fe-0.45%C, Fe-0.71%C, Fe-0.96%C, Fe-1.12%C, Fe-1.52%C. Measurements 
were made on every calibration standard and a calibration curve was fitted between the 
measured concentrations and the real concentrations. An example of such calibration curve is 
shown in Figure 8. The calibration curve could thereafter be used to relate the measured 
values in the samples with the real concentration.  
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Figure 8. Correlation between measured and real carbon concentrations. The full line represents the 
calibration curve that is used for measurement of the carbon concentration in the matrix. 
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3. Thermodynamic modeling 
 
By adopting the CALPHAD [11, 12, 4] technique, all available thermochemical information 
is used to fit the model parameters used to describ the Gibbs energy of individual phases. The 
purpose is to obtain a consistent set of model parameters that can describe the thermodynamic 
properties of the system in a realistic way. 
 
The thermodynamic parameters are evaluated using the PARROT module [13] in the Thermo-
Calc software [14]. The module works by minimizing an error sum where each piece of 
information is given a certain weight according to its estimated accuracy and allows the 
simultaneous concideration of various types of thermochemical and phase diagram data. 
 
The Gibbs energy of each phase is described using the compound energy formalism [15]. The 
structure of a phase is represented by a sublattice model (A, B)k(D, E, F)l(…)…, where A and 
B mix on the first sublattice, and D, E and F mix on the second sublattice, and similarly if 
more sublattices are added. The sublattices (s) are indexed with the stoichiometric coefficients 
k, l,… (ns) and one mole of formula units thus contains k+l+…+n s moles of atoms. The 
expression for the Gibbs energy of each phase is given by, 
 

∑ ∏ ∑∑ +++°= magn
mm
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J

s
J

ss
Jendm GGyynRTyGG )ln( .               (3.1) 

 
The first term represents the surface of reference and is constructed by a summation over all 
end-members and the product ∏ s

Jy  contains one site fraction from each sublattice and they 

are identified by the constituents, J, in the end-member. The Gibbs energy of one formula unit 
of the compound represented by the end-member is endG° . The second term is the ideal 

entropy of mixing, EGm represents the excess energy and magn
mG  the magnetic contribution. 

The excess energy is described by a generalized regular solution expression, 
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The commas in the subscript separates constituent on the same sublattice and the colons 
separates constituents in different sublattices. For the L parameters Redlish-Kister terms [16] 
in site fractions are used. LA,B:D:G is then described as 
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where vLA,B:D:G can be temperature dependent. 
 
Inden [17] was the first to describe the magnetic contribution in terms of heat capacity. This 
was later integrated to a Gibbs energy expression by Hillert and Jarl [18] 
 

)()1ln( τβ fnRTGmagn
m +=                   (3.4) 

 
where n is the number of atoms per formula unit that have the average magnetic moment β 
and the function f(τ) is 
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The temperature dependence of the Gibbs energy of an end member, °Gend, is often described 
by a power series [4] as 
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ii Hb  represents the sum of enthalpies of the elements in their reference state. By 

describing the Gibbs energy as above one may derive entropy S, enthalpy H, heat capacity cp 
among with many other quantities by using the following thermodynamic relations: 
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The number of coefficients that are used in the modeling are determined by the available 
experimental information. But, as seen from the above expressions, at least a0, a1 and a2 
should be determined in order to also get a description of the entropy, enthalpy and heat 
capacity for the compound. As seen from equation (3.1) above, Gibbs energy expressions for 
unstable or metastable compounds are sometimes needed to get a complete description of a 
phase. In such cases, some reliable approximations are needed.  
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3.1 Use of ab-initio calculations for prediction of  model 
parameters 

 
The assessment of a system, and the determination of Gibbs energy functions, is 
straightforward when reliable and consistent thermochemical and phase equilibrium 
information is available. However, reliable experimental information is often lacking or does 
not give a unique set of model parameters, and therefore different strategies to estimate 
information have been developed. One strategy was described in Paper II were estimation of 
the thermodynamic properties of the Co7C3 carbide was done. Another interesting possibility 
is to use first principle calculations to estimate different thermodynamic properties. 
 
First principle calculations, or ab-initio calculations as also is called, are based on the 
Density-Functional Theory (DFT) which was introduced by Hohenberg and Kohn [19] and 
Kohn and Sham [20] in the mid 1960’s. From the atomic numbers of the elemental 
component and positions of the atoms in the unit cell it is possible to calculate several 
quantities by solving Shrödinger-like equations. Quantities that can be calculated are lattice 
parameters, total energies, density of states, forces, bulk modulus, surface energies etc. 
 
In Paper III, ab-initio calculations are used to estimate the excess energy, EGm, in Me1C –
Me2C systems. By subsequently substituting Me1 atoms by Me2 atoms in the conventional 
NaCl unit cell of Me1C, we are able to study compounds of the Me10.75Me20.25C, 
Me10.5Me20.5C, and Me10.25Me20.75C stoichiometries.  
 
As described in the introduction, the thermodynamic properties of these Me1C-Me2C systems 
are very important when extrapolating into multicomponent systems since it is crucial for 
predicting the solubility of different elements in the cubic carbide. For systems with a well 
known miscibility gap the determination of the thermodynamic parameters is rather straight 
forward and will give a unique determination of the interaction parameters, kLMe1,Me2:C. 
However, for systems with complete mixing the determination of the interaction parameters is 
more uncertain since a rather large change of the parameters will not affect the phase diagram 
that much; see figures 3 and 4 in the introduction.  
 
By combining ab-initio calculations with CALPHAD modeling it has been possible to predict 
sign, magnitude and symmetry of the excess energy for a wide range of systems. This is very 
valuable information when assessing these kinds of systems. Below is a description how the 
calculated ab-initio values can be interpreted as the model parameter kLMe1,Me2:C by studying 
the deviation from linear relation Me1C-Me2C. It should be noted that all the ab-initio 
calculations in this work has been done by Dr. David Andersson. 
 
 
3.1.1 Interpretation of the ab-initio calculations 
 
The fcc phase is described by using a two-sublattice model within the compound energy 
formalism (CEF, [15]), (Me1,Me2,…)1(C,Va)1 where Va denotes vacancies. The MC carbide 
is thus described as an fcc phase when the second sublattice is mostly occupied by carbon. 
The molar Gibbs energy for the fcc phase is described by 
 

fcc
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m )lnln( GGyyyyRTGyyG

M I
IImM

M I
M:IiM ++++= ∑ ∑∑∑            (3.8) 
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where y is the site-fraction. M represents the elements on the first sub lattice and I the 
elements on the second sub lattice.fcc

Va:
o

MG  is the Gibbs energy of pure M whereas fcc
C:

o
MG  is the 

Gibbs energy of a hypothetical state where all interstitial sites are filled with carbon. fcc
m

magnG  
describes the magnetic contribution to Gibbs energy proposed by Inden [17] and modified by 
Hillert and Jarl [18]. The excess Gibbs energy,fcc

m
EG , for a Me1-Me2-C system, is expressed 

by 
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From the ab-initio calculated energies it is possible to estimate the fcc

CMeMe
i L :2,1 parameters used 

in the CALPAD method. Since the calculation is performed at 0 K the deviation from the 
surface of reference, ∑∑

M I
M:IiM Gyy fcco , will reflect the excess energy, E(yMe2). If the 

calculated values of the excess energy are fitted by a 2:nd degree polynomial using the least 
square method. 
 

3
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2
222)( MeMeMeMe CyByAyyE ++=               (3.10) 

 
where E(0)=E(1)=0. The excess energy in formula (3.9) with 0L and 1L parameters are 
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0L and 1L can then be identified as 
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As an example, the least square fit of the ab-initio values, for the HfC-ZrC system is shown in 
Figure 9. It can be seen that the ab-initio values are well represented by a polynomial, and in 
this case fcc

CTiHfL :,
0  and fcc

CTiHfL :,
1 are +48000 and -7125 J/mole respectively. 
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Figure 9. Least squares fit of calculated excess energy in the HfC-TiC system. 
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4. Summary of appended papers 

4.1 Paper I – A revised thermodynamic description o f the 
Co-W-C system 

 
Authors: Andreas Markström, Bo Sundman and Karin Frisk. 
 
Journal of Phase Equilibria and Diffusion, v 26, n 2, April, 2005, p 152-160 

 
 
A thermodynamic reassessment of the Co-W-C system is presented. This system forms the 
basis of most cemented carbide alloys and a reliable thermodynamic description is therefore 
crucial. Fernàndez Guillermet [3] has previous gone through the Co-W-C very thoroughly and 
his assessment has successfully been used to predict phase equilibria in cemented carbide 
systems. However, new information on the liq.+fcc+graphite+WC and liq.+fcc+WC+M6C 
temperatures has recently been published [2] which differs from the ones used in the 
assessment by Fernàndez Guillermet. As these equilibria are very important for extrapolation 
to higher order systems the ternary system has been revised. A revision of the Co-W system 
has also been performed. 
 
 
The present author performed the assessments and wrote the paper supervised by Professor 
Bo Sundman and Docent Karin Frisk. 
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4.2 Paper II - Experimental and thermodynamic 
evaluation of the Co-Cr-C system 

 
Authors: Andreas Markström, Susanne Norgren, Karin Frisk, Bo Jansson and Thérèse Sterneland 

 
International Journal of Materials Research, v 97, n 9, September, 2006, p 1243-1250 

 
 
The Co-Cr-C system is a very interesting system for cemented carbides. Chromium reduces 
the liquidus temperature substantially and also retains the grain growth. The Cr-C also system 
contains a lot of different carbides and their extension to the Co-Cr-C system is very 
important information since they are unwanted in cemented carbide production. Results from 
a work of Zackrisson et al. [5] and experience indicates that the M7C3 carbide has a solubility 
of Co as high as 30 at%. Accurate determination of this solubility is crucial for the knowledge 
and thermodynamic assessment of the system. Experiments on the liquid+graphite+M7C3 
equilibrium has therefore been made in order to establish the Co-solubility. The solubility of 
Co in the M7C3 carbide has been measured at 1523 and 1723 K. These measurements together 
with recently published measurements on the fcc+graphite+M7C3 equilibrium shows that the 
solubility of Co in the M7C3 is much higher than predicted from thermodynamic calculations. 
A new thermodynamic description of the Co–Cr–C system is presented which accurately 
describes the solubility of Co in the M7C3 carbide in the temperature range 1373–1723 K. 
 
This work was performed parallel to the work by Sterneland, Markström, Aune, Norgren and 
Seetharaman [21]. The pressed powder samples were produced by Docent Susanne Norgren. 
The present author performed all heat-treatments, SEM and ASEM analysis, the 
thermodynamic modeling and wrote the paper supervised by Docent Karin Frisk and Docent 
Bo Jansson.  
Dr. Thérèse Sterneland provided samples from [21]. Connie Westman performed the 
measurements of C content in the matrix and the present author measured the composition in 
the M7C3.  
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4.3 Paper III – Combined ab-initio and experimental  
assessment of A 1-xBxC mixed carbides 

 
Authors: Andreas Markström, David Andersson and Karin Frisk. 
 
Calphad: Computer Coupling of Phase Diagrams and Thermochemistry, v 32, n 4, December, 

2008, p 615-623 

 
 
The excess energies for A1-xBxC mixed carbides (where A and B are metals) were calculated 
using ab-initio calculations, for 14 systems. A thorough comparison was made with 
experimentally assessed excess energies. The comparison shows that conventional ab-initio 
calculations applied to rather simple structural models can be used to predict the sign, 
magnitude and symmetry of the excess energy for A1-xBxC mixed carbides. The calculated 
excess energies have also successfully been used to describe several AC-BC systems where 
the experimental information does not give a unique determination of the excess energy in 
traditional CALPHAD modeling. The systems that have been studied are CrC-TiC, HfC-NbC, 
HfC-TaC, HfC-TiC, HfC-VC, NbC-TaC, NbC-VC, NbC-ZrC, TaC-VC, TaC-ZrC, TiC-VC, 
TiC-ZrC and VC-ZrC. 
 
The present author interpreted the ab-initio calculation and made the comparison with 
experimental information and performed all thermodynamic calculations and assessments. 
The present author wrote the main part of the paper supervised by Docent Karin Frisk. Dr 
David Andersson made the ab-initio calculations and wrote the part on ab-initio calculations 
in the paper.  
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4.4 Paper IV - Experimental and thermodynamic 
evaluation of the miscibility gaps in MC carbides f or 
the C-Co-Ti-V-W-Zr system. 

 
Authors: Andreas Markström and Karin Frisk 
 
Accepted for publication in Calphad: Computer Coupling of Phase Diagrams and 

Thermochemistry. 

 
 
Some Me1C-Me2C systems are known the have a miscibility gap in the MC carbide. 
However, the experimental information on these miscibility gaps is often very scattered and 
the new experimental information is needed in order to get good description of these 
miscibility gaps. In order to determine the miscibility gaps in TiC-ZrC and VC-ZrC 
experimental work on the C-Co-Ti-V-W-Zr system was performed. Thermodynamic 
calculations were used to design samples that will form a miscibility gap in equilibrium with 
liquid, WC and graphite. Samples were produced from powder and sintered for 1 week in 
controlled atmosphere at 1300, 1410 and 1500 °C. From the microstructure it could be 
concluded that the samples form a miscibility gap in equilibrium with liquid, WC and graphite 
at all temperatures. The composition of the MCx carbides was measured using an analytic 
SEM. The new experimental information was used to assess the thermodynamic description 
for the TiC-ZrC system. This work provides valuable information on the miscibility gap in the 
C-Co-Ti-V-W-Zr system previously not published.  
 
The present author planned and executed all experimental work, performed the SEM and 
ASEM work, made the thermodynamic assessments and wrote the paper supervised by 
Docent Karin Frisk. 
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5. Discussion, conclusions and future work 
 
The aim of this work was to increase the knowledge of equilibrium in multi-component 
systems with high amount of carbides. This has been achieved by studying the, for cemented 
carbide very important, ternary systems Co-W-C and Co-Cr-C experimentally and 
thermodynamically. Furthermore, several Me1C-Me2C systems (where Me1 and Me2 are 
metals) have been studied by combining ab-initio calculations with the CALPHAD approach, 
some miscibility gaps have also been determined experimentally. All information gathered 
during this work has been implemented in a thermodynamic database specialized for 
cemented carbides and is used by the R&D units at Sandvik Tooling and Seco Tools. 
 
The Co-W-C system forms the basis in cemented carbide production. An accurate 
thermodynamic description of this system is therefore crucial for extrapolation to higher order 
systems. Since most cemented carbides are produced from liquid phase sintering an accurate 
description of the liq.+fcc+graphite+WC and liq.+fcc+WC+M6C equilibrium temperatures 
are very important. Those equilibria determine the lowest possible temperatures for liquid 
phase sintering. New experimental results on the phase equilibrium demanded a re-assessment 
of the Co-W-C system. By using the new experimental information together with all other 
experimental data for the Co-W and Co-W-C a new thermodynamic description was 
constructed. The new thermodynamic description reproduces most of the experimental 
information and has successfully been implemented in a commercially available database 
specialised for cemented carbides, CCC1 [22]. In Figure 10, a pseudo binary section of Co-
W-C at 10wt%Co is calculated using the description from paper I. As seen the liquidus 
temperatures are now accurately described compared to Figure 1 were the old assessment is 
used. 
 
The Co-Cr-C system is important in cemented carbide production since Cr is sometimes 
added to lower the melting point, reduce grain growth and/or increase corrosion resistance. 
The Cr-C system contains 3 types of carbides, M23C6, M7C3 and M3C2, and their maximum 
solubility of Co is not known. By performing crucial experiments the maximum solubility of 
Co in the M7C3 carbide has been determined and a new thermodynamic description has been 
assessed in order to describe these new results. In Figure 11, a pseudo binary section of the 
Co-Cr-W-C system at 10wt%Co, 1wt%Cr is calculated. As seen the melting point is 
decreased substantially and the M7C3 carbide is stable at high carbon levels, the solubility of 
Co in the M7C3 carbide has broaden the preferred WC+fcc region compared to Figure 2 were 
the old descriptions of C-Co-W and C-Co-Cr was used. The new thermodynamic description 
has successfully been used within participating companies and the new description accurately 
describes the solubility of Co in the M7C3. However, the relative stability between M7C3 and 
M3C2 and M7C3 and M23C6 seems not to be accurately described. This is not surprising since 
the existence of such experimental information is missing. This should be the subject for 
further experimental studies combined with a new thermodynamic assessment of the complete 
system. 
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Figure 10. Pseudo binary section of the Co-W-C 
system at 10wt% Co using the description from 
paper I. 

Figure 11. Pseudo binary section of the Co-Cr-
W-C system at 10wt%Co, 1wt%Cr using the 
descriptions from paper I and II. 
 

 
By systematically combining ab-initio calculation with CALPHAD modeling for a wide range 
of Me1C-Me2C systems it could be concluded that ab-initio calculations can be used to 
predict sign, magnitude and symmetry of the excess energy. The result from ab-initio 
calculations should preferably be used as start values in optimizations were the experimental 
information does not give a unique determination of the interaction parameters. It has also 
been shown that ab-initio calculations can be used instead of experiments to evaluate 
interaction parameter in Me1-Me2-C systems to treat the cubic carbide. Even though the 
magnitude of the interaction is overestimated, the accuracy is sufficient to treat this type of 
systems when experimental information is lacking. For further work, similar work should be 
done for nitrides and carbonitrides were the experimental information is even more scarce 
than for carbide systems. 
 
The experimental work on miscibility gaps in the C-Co-W-Ti-V-W-Zr system provides very 
valuable information previously not published. The extension of the miscibility gap in the 
TiC-ZrC into the TiC-ZrC-WC system has been determined as well as the VC-ZrC-WC 
system. The experimental results have been used to assess the TiC-ZrC system. The 
experiments also verify that the solubility of W in the carbides is well described in the 
thermodynamic database for cemented carbides. The VC-ZrC system assessed by Servant and 
Danon [23] also predicts the miscibility gap in agreement with the experimental results from 
present work.  
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