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Abstract 

A fundamental quantum mechanical modelling approach is used for calculating liquid diffusion 

parameters in cemented carbides. Up to now, no detailed description of diffusion for alloying 

elements in a liquid Co matrix is available. Neither are experimental measurements found in the 

literature for the self- or impurity diffusion in the liquid Co system. State of the art application is 

the description of gradient formation in cemented carbide systems using DICTRA.  

In this work it is assumed that diffusion during sintering of cemented carbides takes place mainly in 

the liquid Co binder phase. With this assumption one can calculate the diffusion coefficient for 

different alloying elements like W, Ti, N and C in a liquid Co matrix phase. The mean square 

displacement (MSD) of the diffusing atoms is used to obtain the diffusion coefficients which could 

be simulated by Ab initio Molecular Dynamics (AIMD).   

By fitting the computed temperature dependence with the Arrhenius relation one can determine the 

frequency factor and the activation energy which allows to give a quantitative description of the 

diffusion. Three methods will be used for validating the data from this work.   

Available estimated literature values based on calculations (scaling laws, a modified Sutherland 

equation and classical molecular dynamics) will be used to compare the results in a first instance. 

The general agreement for diffusion in liquid metals will be done by comparison with experimental 

data for the liquid Fe system. In a last step, the diffusion values obtained by this work will be used 

to create a kinetic database for DICTRA. The gradient simulations will be compared with 

experimentally measured gradients.  

The AIMD simulations are performed for binary diffusion systems to investigate the diffusion 

between the liquid Co matrix and one type of alloying element. In a second approach the diffusion 

for a multicomponent systems with Co, W, Ti and C has been performed.   

The results from the present AIMD simulations could be shown to be in good agreement with the 

literature. Only two DICTRA simulations could be performed within the timeframe of this work. 

Both are predicting a ~3 times bigger gradient zone whereas the initial choice of the labyrinth 

factor     could be identified as a possible source of disagreement. A labyrinth factor of      

with the calculated mobility values from the AIMD calculations should give improved results. 

Although the results from those simulations are not available to this date.   

The two approaches of the diffusion simulations in the binary and multicomponent system are 

giving matching results. The non-metallic elements C and N are diffusing two times faster than the 

fastest metallic element Co. The diffusivity of Ti is slightly lower than Co and W could be 

identified as the element with the slowest diffusion within the liquid Co matrix.   

Further investigations of the liquid structure could indicate the tendency to form bonds between C 

and W and between C and Ti. This gives slowed down diffusion of C in the multicomponent 

system compared to the diffusion in the binary Co-C system.   
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1.  Introduction 

Sintered cemented carbides are important materials for industrial cutting tool inserts due to their 

high hardness and wear resistance. They mainly consist of tungsten carbide (WC) as a primary hard 

phase and cobalt (Co) as the matrix phase. The Co matrix works as the binder for WC and provides 

a good toughness to the composite. The addition of other elements for improving the material 

properties, e.g. acting as grain growth inhibitors or as second hard phase (by carbides or carbo-

nitrides) is commonly in use and is necessary to keep up with the increasing industrial requirements 

on these materials. [1]  

Gradient sintering is important to avoid crack propagation between coatings and the cemented 

carbide bulk material. To improve the wear resistance, cemented carbide inserts are often coated 

with a wear resistant layer. Differences in thermal expansion coefficients can induce cracks in the 

coating during the cooling. These cracks can propagate into the cemented carbide bulk. By creating 

a tougher surface layer which is free of a secondary hardening phase, the crack propagation into the 

bulk can be avoided. [2][3]   

In recent research on gradient formation Garcia et al. [2] had to estimate the mobility values which 

they needed for the gradient simulations using DICTRA. The mobility values were needed to 

describe the diffusion, as part of the gradient formation process, while experimental mobility 

values for those systems are not available yet.   

In this work the data on diffusion of several elements (W, Ti, C and N) in the liquid Co binder 

phase will be calculated by a fundamental approach using Ab initio Molecular Dynamics (AIMD) 

simulations.   

The AIMD simulations are performed using the Vienna Ab initio Simulation Package (VASP). The 

work will be limited in the amount of different configurations of the alloys due to the 

computationally demanding simulations which are done on modern parallel computer systems. 

Further simulations using DICTRA will be performed with the mobility data obtained from the 

AIMD simulations. The results will be compared to experimental investigated gradients in order to 

validate the accuracy of the with AIMD simulated mobility data.  

 

1.1  Industrial aim 

The direct industrial aim is to investigate the diffusion coefficients for the alloying elements W, Ti, 

C and N within the liquid Co binder matrix of cemented carbides. Those diffusion values are 

primarily relevant for predicting diffusion driven processes like gradient formation. No data for the 

diffusion of those alloying elements in the liquid Co matrix are available yet. Ongoing the 

observation of diffusion driven effects like interactions between elements are of interest to increase 

the control during the sintering process. A fundamental understanding of the diffusion processes is 

crucial for the development of new cemented carbides. 
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1.2 Scientific aim 

In this work two scientific aims are of interest. First of all the modelling on different length scales 

and secondary the investigation of the diffusion behaviour in liquid metals.   

The approach of AIMD is mainly used in academic studies. In this work the possibilities of the 

fundamental approach given by quantum mechanics (on an atomic scale) should be used to obtain 

the diffusion values for a directly industrial relevant problem. Further the usage of DICTRA as 

simulation software on a larger scale can be used to treat the actual industrial problem based on the 

diffusion values obtained by AIMD. From both, the scientific and industrial perspective is it of 

great interest if a combination of different computational approaches on different length scales can 

lead to satisfying results.  

The investigation of diffusion in liquid metals is experimentally challenging. It is thought of 

interest if a computationally based approach could be used instead for measuring those properties.  
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2.  Computational background 

2.1  Computer systems 

The AIMD calculations need a lot of computational power so they have been performed on parallel 

computer systems. In this work the Triolith cluster at NSC (Linköping University), the Lindgren 

cluster at PDC (KTH – Royal Institute of Technology) and the Sedux cluster at Sandvik Coromant 

(Stockholm) have been used.  

In total ~170.000 core hours per month could be used for the calculations. Nevertheless even this 

large amount of core hours was limiting the total amount of calculations which could be performed. 

 

Table 2.1; Job size used in the different computer systems 

System # cores # nodes # of cores per node 

Triolith 64 4 8 

Lindgren 72 3 24 

Sedux 8 1 8 

 

As can be seen from Table 2.1 the computational power (available cores) of the Sedux cluster is 

small compared to the large computational systems. Therefore it was mostly used for trial 

calculations. The Lindgren cluster with even more cores was less efficient (~3 times slower) as 

compared to Triolith which made Triolith the main system for running the calculations.   

 

2.2  Multiscale Modelling 

Computational material modelling is to significantly decrease the time and cost for materials 

research in industrial application (e.g. development of new materials). Computational material 

design may require modelling on different length scales (Figure 2.1) to achieve the design 

objective. The modelling may take place anywhere in a range from nano to macroscopic scale. The 

modelling on several different length scales is complementary to each other. Depending on the 

project the choice of length scales and tools to use is to be made. [4]  

In the following two different steps from the available scale will be explained in more detail. The 

first step is AIMD simulation of diffusion on the atomic scale (by using VASP). The calculated 

values of diffusion coefficients will then be used in DICTRA for kinetic assessments on a larger 

length scale to treat the gradient formation in cemented carbide systems. 
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Figure 2.1; Hierarchical computational design approach [5] 

 

2.2.1  VASP 

The Vienna Ab initio Simulation Package (VASP), as one of the available program packages for 

quantum mechanical simulations, can be successfully applied in the area of materials science. [6] 

To describe the atomic interactions VASP uses a simplified approach for the Schrödinger equation 

based on the density-functional theory (DFT) [7] which will be discussed briefly in Chapter 4. In 

general it is possible to use VASP as a simulation tool which enables users from different fields to 

focus on the applied problem to be investigated.  

Based on the calculated energies, forces and stress tensors, which are basically resulting from the 

atomic interactions and external parameters like pressure or temperature, VASP gives the 

possibility to calculate several important properties. Those could be mechanical (bulk modulus) 

and thermodynamic (heats of formation) properties. [6] Dynamical properties which are related to 

atomic motion, such as diffusion coefficients, are accessible as well. [7] For the system of interest 

these properties can be calculated, starting from the list of selected elements to be considered and a 

unit cell representing the crystal structure.  

The computational power is often the limiting factor. The size of the simulation box, representing a 

real system, and the degree of convergence to reach a required accuracy are determining the 

amount of computational work. [6] The accuracy of such calculations is in general comparable with 
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experimental accuracy. The accuracy is influenced by the chosen system and the used 

representation of the atomic interactions (functionals). [8]   

 

2.2.2 DICTRA 

Computational material science approaches have become an important tool in the steps of 

developing and designing new materials. The software Thermo-Calc was developed at the Royal 

Institute of Technology in Stockholm and in further cooperation, with the Max Planck Institute für 

Eisenforschung in Düsseldorf, the software DICTRA has been introduced and shown usefulness in 

research as well as for industrial applications. [9] DICTRA, which stands for DIffusion-Controlled 

TRAnsformations, is intended for simulations of diffusion in multicomponent alloys.   

Thermo-Calc was developed for calculating phase diagrams and thermodynamic properties of 

alloying systems following the CALPHAD approach [10]. Those kind of equilibrium calculations 

have been successfully used for alloy systems with up to ten different elements. [11] DICTRA uses 

Thermo-Calc databases for calculating thermodynamic quantities and will be itself used to give a 

treatment of the kinetics.  

The simulated system geometries are limited to spheres, planes and cylindrical shapes. Further the 

used thermodynamic and kinetic databases and the choice of a model for the chosen application are 

important for the kinetically treatment of multicomponent alloying systems. Examples of practical 

usage are simulations of carburization of steel during heat treatment and the formation of gradient 

zones in cemented carbides.   

The latter case is best described by diffusion in dispersed systems with the so-called 

homogenization model. This model is based on a two-step calculation. First the diffusion for the 

given composition will be calculated. Though the composition will change after the diffusion 

which requires to calculate a new thermodynamic equilibrium for the new composition. Those two 

steps will alternate each other until the simulation has finished. [9]  

The diffusion theory underlying DICTRA will not be discussed further. More information can be 

found in [9]. Important to mention is that mobility data, instead of diffusion data, are stored in the 

kinetic databases. The mobility will be further described in Chapter 3.2. 
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3.  Diffusion 

The following chapter describes the principle of diffusion to give a general introduction into the 

theory and how the approach of molecular dynamics can be used.   

 

3.1  Introduction to diffusion 

Diffusion is known as the phenomenon of mass transport. It was first formulated mathematically as 

Fick's law in 1855. Self-diffusion describes the mass transport for pure components whereas 

chemical- or inter- diffusion expresses the mixing of two or more different components. 

Independent of time and for fixed concentrations it is a stationary diffusion equation and called 

Fick's first law. [12]   

 

3.1.1  Fick’s first law 

For a one-phase system under isothermal and isobaric conditions diffusion may be defined as the 

movement of one component in a matrix phase of the other component. In Fick's first law this is 

expressed as the diffusion of element B in one direction (z):   

   

                .                                     (1) 

 

Here, in eq. (1),    is the flux of component B which is the amount of B transported in z direction 

per unite time and unit area. The amount of B is represented by the concentration    per unit 

volume which is proportional to the diffusion coefficient   . The concept and importance of the 

diffusion coefficient   and a second approach with expressing the flux by using the mobility   

will be shown in the Chapter 3.2. The relation between diffusion coefficient and mobility is given 

by eq. (2) with    as activity coefficient,    

 

                                       .   (2) 

 

For ideal or dilute solutions the thermodynamic factor                  will become one, since                

will become zero, which is shown in eq. (3) and the following, which is relating the diffusion to the 

mobility, is valid   

 

            .  [12]     (3) 
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3.1.2  Dependence on chemical potential  

This second approach based on the mobility   and the chemical potential   is shown in eq. (4)  

 

                  .      (4) 

 

The atoms will experience a thermodynamic driving force from the gradient in chemical potential    in the z direction. The mobility is defined as proportionality factor. [12]    

Diffusion occurs in order to reduce the Gibbs free energy in the system. If a system is at 

equilibrium, which means that no gradient in concentration exists, the minimal Gibbs free energy is 

reached and the diffusion, driven by the gradient in chemical potential, will stop. If one expresses 

the diffusion with chemical potential as the driving force, this generalized approach can even 

describe special systems. In a binary system with a miscibility gap (inside the spinodal) the atoms 

will diffuse towards regions enriched in component A or B against the concentration gradient 

whereas an equilibrium concentration does not exist. This means that the expression in terms of 

concentration will be insufficient since the decrease in Gibbs free energy is reached by the 

energetically more favourable decomposition in the miscibility gap. By expressing the diffusion 

with the chemical potential as the main variable a general case can be described since the diffusion 

occurs down the gradient in the chemical potential. The diffusion will stop when the chemical 

potential is in equilibrium which is now in accordance with the requirement to minimize the Gibbs 

free energy. [13]  

 

3.1.3  Multicomponent systems 

Multicomponent systems like a ternary A-B-C alloy will be more complicated to describe, i.e. the 

diffusion of B will be additionally dependent on the concentration of the third component C. [12] 

Now taking into account the change in chemical potential variables µk = µk(c1,c2,...), which are 

related uniquely to the concentration variables for the given composition, the following eq. (5) is 

valid,  

 

                   .     (5) 

 

This solution was proposed by Onsager as an extension of Fick's first law. Without going into 

detail, the, by Onsager, introduced term     includes several parameters and is a factor of 

proportionality which is depended on the mobility of each component. [9] Now, in the presence of 

a third element, a second diffusion coefficient is necessary to describe the diffusion of B. [12]   
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3.1.4  Fick’s second law 

As was mentioned earlier, Fick's first law is inconvenient to use for describing time-dependent 

concentration changes in diffusion processes. By modifying this law in terms of mass conservation 

it is possible to treat the change of concentration with time in diffusion. This is known as Fick's 

second law given by eq. (6)  

 

    
             . [12]     (6) 

 

Since the purpose of this chapter is to give only a brief introduction into diffusion theory, Fick's 

laws will not be further discussed in this work. As it was said in the beginning of this chapter, the 

main focus will be made on the molecular dynamical view, and simulation, of diffusion.    

 

3.1.5  Diffusion in liquids and solids  

Diffusion in solid systems is well described by different mechanisms [13,14] whereas the 

description of diffusion in liquids is not that satisfying and insufficient. [15,16] In solids it is 

important to consider where the diffusion takes place. Diffusion can be divided into defect free 

lattice diffusion and diffusion along those defects like open surfaces and grain boundaries. The 

latter two are benefiting from lattice distortions that are reducing the necessary activation energy Q 

which the atoms have to overcome in order to diffuse. In general, the diffusion inside the lattice is 

the slowest and the surface diffusion the fastest. [13]   

Interstitial and substitutional diffusion mechanisms in solids are important basic concepts. For the 

interstitial diffusion, where the small diffusing atoms can migrate between the surrounding atoms, 

the activation energy is much less compared to the substitutional mechanism. In addition the 

substitutional diffusion needs free atomic vacancy positions in order to enable an atomic jump. 

This makes the interstitial diffusion much faster. [13] Several other diffusion mechanisms are 

reported for the solid state. [14]  

Models and experimental methods for describing and measuring the diffusion in liquid systems 

exist. In the case of metals, the experimental evaluation is often insufficient in accuracy and data 

for certain systems are still missing. [17] Similar is valid for the models for liquid diffusion. To 

mention one mechanism behind diffusion in liquids one has to consider the rotational motion of 

atomic rings where shear is influencing the diffusion. [18,19] Even though accurate values are 

existing by those models the lack in understanding about the diffusion processes in liquid metals is 

still considered as problem. [15]   

It is stated in [16] that the Arrhenius relation is applicable not only to diffusion in solids. Ejima and 

Yamamura [20] reported that the linear Arrhenius relation was successfully used to describe the 

diffusion in liquid Al. They carried out experimental measurements up to 200 K above the melting 

temperature of Al. [20] Though the Arrhenius relations is also used by many authors [2,3,21,22] to 
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describe diffusion in the liquid state. Based on the given information the ongoing diffusion 

evaluation in this work will use the Arrhenius relation.  

 

3.2  Diffusion coefficient and Mobility   

While focusing on diffusion processes it is important to see that the diffusion coefficient   is 

strongly depended on temperature since it is a thermally activated process. [23] The diffusion 

coefficient   is usually mathematically expressed with the Arrhenius relation. Eq. (7)  

 

                             (7) 

 

is consistent of the frequency factor   , the activation energy  , the absolute temperature   and the 

gas constant  . [12]   is the energy which is required, in terms of a classical diffusion as sequence 

of thermally activated atomic jumps.   can also be described as activation enthalpy     which is 

part of the free energy     (  indicates the migration of atoms in the case of interstitial diffusion). 

Those energy is needed to overcome a energy barrier which makes the atom move to its new 

position on the energy landscape as shown in Figure (3.1). The entropy     from the free energy is 

included in the frequency factor   . The frequency factor as well takes into account the jump 

frequency Γ and some other factors (e.g. geometrical aspects). Similar is valid for the substitutional 

diffusion, but in that case the activation energy   is not just the activation barrier for migration, but 

also includes the vacancy formation energy. [13]    

 

 

Figure 3.1; Showing an interstitial atom in position a) of equilibrium b) at maximum lattice distortion. c) shows the 
lattice free energy function of the interstitial atoms position [13]  
 

To describe diffusion in a multicomponent system it is more appropriate to choose the formulation 

in terms of mobility  . This is so because the diffusion can then be described with a smaller 
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number of parameters for the mobility. The interdiffusion or chemical diffusion coefficients can be 

calculated by knowing the values for the mobility and the related (system dependent) value for the 

thermodynamic factor as was already shown in eq. (2). Using the molar Gibbs energy (second 

derivative), the thermodynamic factor can be calculated if one has access to thermodynamic 

databases. [9] The mobility can be expressed in the Arrhenius relation like the diffusion coefficient 

as shown in eq. (8) whereas   and    are exchanged with mobility   and frequency factor      

    

                     .     (8)  

 

For both Arrhenius relations in eq. (7) and (8) it is to mention that the frequency factor and the 

activation energy will generally be dependent on temperature, pressure and concentration. [9]   

 

3.3  Diffusion driven by alloying elements 

The following paragraph will briefly show the importance of the chemical potential. The purpose is 

to introduce the concept of interaction effects between alloying elements while describing 

diffusion.  

Nabeel [24] described the negative effect of C for the diffusion of Ni in Fe-Ni powder metallurgical 

steels. Ni is increasing the chemical potential of C whereupon both elements show a repelling 

behaviour which leads to inhomogeneity. Additions of Mo are found to decrease the chemical 

potential of C, which results in better diffusion behaviour (better homogenization) of Ni. However 

too high additions of Mo have the tendency to be slow down the diffusion of Ni.   

A classical example was given by Darken which shows the uphill diffusion caused by the gradient 

in chemical potential. C was initially nearly equally distributed in two pieces of Fe-Si-C steels 

which were welded together. The Si content differed significantly which led to a higher chemical 

potential for C in the steel with high Si content. Under certain time and temperature C diffuses 

from the steel with high Si content into the part with lower Si content. This is controlled by the 

gradient of chemical potential and not controlled by the gradient of composition (which does not 

even exist initially in this case). [12]   

A third example would be the coupled N and Ti diffusion in cemented carbide systems. This is 

reported by Schwarzkopf et al. [25] and important in gradient materials to form tougher surface 

zones free from secondary carbides. The elements Ti and N have a high affinity for each other. The 

N diffuses out of the bulk material (controlled by a vacuum atmosphere during sintering). This 

causes the Ti to diffuse into the opposite direction (inwards the material) towards regions rich in N.  
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3.4  Diffusion in Molecular Dynamics 

By introducing a concept called random walk, where the jump of an atom is not depended on the 

previous atomic jump, the initial idea of randomness in molecular dynamical description of 

diffusion is given. [13]   

This is similar to Brownian motion and was mathematically described by Einstein. Now the 

diffusion distance   for a diffusing atom can be predicted by knowing the diffusion coefficient  . 

[12] Taking the mean over the distance squared    the mean square displacement (MSD) for the 

atom can be calculated. Eq. (9) shows the mean squared diffusion distance     for the three-

dimensional case depending on the diffusion coefficient   and the time  ,   

 

            .     (9) 

  

The total path of an atom is much larger compared to the displacement since the atom moves 

continuously and, according to the random walk principle, each jump occurs in a random direction. 

This is illustrated in Figure 3.2.  

 

 

Figure 3.2; Random walk and the displacement distance   illustrated by Gamow [26] 

  

For a C atom in γ-Fe (at 1273 K) it is reported that the overall atomic travel distance is ~0.5 m 

during 1 s, but the displacement distance         is only ~10 µm relative to the starting point. 

[13] The overall atomic travel distance and the displacement distance can be investigated by the 
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Einstein-Smoluchowski equation. [27] Eq. 10 shows the Einstein-Smoluchowski equation for the 

three dimensional space with the necessary parameters which are the jump frequency Γ, the average 

jump distance   and the diffusion coefficient  . Obtaining the jump frequency Γ from the diffusion 

coefficient   the number of atom jumps can be calculated for a certain time. By knowing the 

average jump distance   and the number of jumps the overall atomic travel distance is known. 

Looking for a liquid system, the diffusion of W in liquid Fe (at 1903 K) [28] is chosen. For the time 

of 20 ps, which is a typical range for MD simulations, the overall atomic travel distance is 22 Å 

and the displacement distance is 5.7 Å.    

             (10) 

 

Kulkarni et al. could investigate a displacement distance for the liquid Ge system of 2.7 Å and  

3.2 Å for 1250 K and 2000 K which was reached after 1 ps. [29]  

Since DICTRA works with the stored mobility it is convenient not to use the normal Arrhenius 

shown in eq. (7). A combination of eq. (3) which is describing the relation between diffusion and 

the mobility and eq. (8) which is the Arrhenius relation expressed in the mobility will result in  

 

                   .    (11) 

   

Eq. (11), is a more direct way to calculate the wanted properties for DICTRA. It shows the 

diffusion constant   which is measurable or calculable from the mean square displacement 

according to eq. (9) in relation to frequency factor   , the activation energy   and absolute 

temperature  . 
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4.  First-principles modelling of diffusion 

The mean square displacement method is, as mentioned in Chapter 3.4, the method of choice to 

obtain the diffusion by measuring the displacement of atoms. The modelling approach based on Ab 

initio molecular dynamics (AIMD) will be used for simulating the atomic motion which will give 

the required data for diffusion. Ab intio (lat. from the beginning) simulations are using quantum 

mechanics in order to describe atomic interactions which is here used to describe the movement of 

atoms.   

The main quantity obtained from quantum mechanical calculations is the total energy of a system 

(consisting of electrons and nuclei). This give access to physical properties since those are related 

to the differences of the total energies or can be reduced to them. [30] VASP, which is used for the 

AIMD simulations, uses established approaches to simplify the quantum mechanical calculations. 

Simplifications are necessary in order to solve the problem for real systems which will be briefly 

demonstrated in the following.  

 

4.1  Born-Oppenheimer approximation 

In terms of solving the electronic structure problem by DFT one has to simplify the entire 

interaction problem between electrons and nuclei in a previous stage. The many-body problem is 

considering the interaction among atoms, which is involving the nuclei-nuclei, nuclei-electron and 

electron-electron interactions. The nuclei-electron interactions can be expressed with an external 

potential influencing the electron-electron interaction. [7]  

The Born-Oppenheimer approximation states that the dynamics of the nuclei can be decoupled 

from that of the electrons since the nuclei are much heavier than the electrons. This allows one to 

consider that the nuclei are static while describing the electronic problem with DFT. [7,31]    

 

4.2  Density functional theory (DFT) 

Remains to be solved is a quantum-mechanical problem for the electrons described by a many-

electron Schrödinger equation. To simplify this complex description of the many-electron 

interactions a suggestion was made by Hohenberg and Kohn [32] in 1964 – which is known as 

density-functional theory (DFT). In 1965 an additional approach introducing the Kohn-Sham 

equations was presented by Kohn and Sham [33]. To show the idea behind both approaches, 

without getting too detailed, the following can be formulated. In the case of a many electron 

interaction problem the ground-state properties of the system could be determined by minimizing a 

functional for the energy which is only depended on the electron-density. After introducing the 

Kohn-Sham equations only the contribution of the so called exchange-correlation functional has to 

be approximated in order to obtain the ground-state properties. Other contributions (like the 

electrostatic terms) are already known and can be solved numerically. [6,31] 
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4.3  Exchange-correlation functionals 

The exchange-correlation functionals are approximations for describing a part of the energy due to 

electron interactions. They are important to know for setting up the Kohn-Sham equations in order 

to obtain the ground-state properties. The most common functionals are the Local density 

approximation (LDA) and the Generalized Gradient Approximation (GGA). LDA approximates 

the exchange-correlation energy density at one point by the energy density of a homogenous 

electron gas. GGA has additional terms due to the gradients of the electron density at every point, 

which results in more accurate values for the exchange-correlation energy. [6,7,8,58] 

 

4.4  Projector augmented-wave method (PAW) 

The Kohn-Sham equations (by considering other impacts like the exchange-correlation functionals) 

has to be solved iteratively in order to calculate the electronic structure. [6] VASP uses the 

Projector augmented-wave method (PAW) developed by P. Blöchl. [34] It combines two different 

approaches (namely pseudopotential method and linear augmented-plane-wave method) for 

calculating the electronic structure. The PAW method distinguishes in the used wave functions 

which are describing the electronic structure. Partial-wave functions are used for the computational 

demanding rapid oscillations close to the nucleus. This is done to avoid a too complex description 

of the core region. For the bonding region which are far away from the core, plane waves are used. 

As a result of the combining approach the computational efficiency of the calculations is increased. 

[7,34] 

 

4.5  Ab initio Molecular Dynamics (AIMD) in VASP 

Ab initio Molecular Dynamics (AIMD) calculates the forces    which are acting on the atoms by 

solving the Schrödinger equation (using DFT). This approach is different to a classical molecular 

dynamical (CMD) approach that is using interatomic potentials. As a result calculations using 

AIMD are more accurate in describing the atomic interactions. Especially in multi component 

simulations where it is difficult to get interatomic potentials. [35] But they require much more 

computational time, which is limiting AIMD to much smaller systems compared to CMD. [7,31]  

The basic design of a MD simulation is containing the following points [36]:  

1. Simulation conditions are defined by reading in the specific parameters (e.g. time step, 

total runtime and temperature) 

2. The system is initialized by selecting the initial atomic velocities and positions 

3. The forces which are acting on the atoms are computed 

4. Integration of Newton's equation of motion 

5. Calculate the averages of the simulated quantities, print them and stop the simulation 

Step 3and 4 are the major parts of the simulation which will be repeated for each time step until the 

time evolution for the system reached the allocated runtime.  
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The total energy of a system (nuclei and electron) can be calculated for one position of the nuclei 

configuration. By changing the positions of the nuclei a different energy for the system will be 

obtained. The relation between the energy change according to the changed position leads to the 

forces acting on the nuclei. [37] The approach to handle the motion of the atoms is given by the 

calculated forces    and Newton’s second law, which is shown in eq. (12) 

  

            .     (12) 

 

The numerical integration of this equation for the atomic motion is done by a so-called  

Verlet algorithm (eq. 13). For the time   the accelerations         and positions   are known. This 

two information and the atomic positions at      (a previous timestep) are used to calculate the 

new positions at the next timestep at time     . [36]  

 

                                    (13) 

 

With knowing the forces which are leading to the new atomic positions for a simulated time 

evolution, important properties like diffusion coefficients can be obtained by calculating the mean 

square displacement (MSD) (from eq. (14)) [7]  

 

                            .        (14) 

 

Molecular dynamics are in general considering the effect of temperature and kinetics. One way to 

start MD calculations is to set-up a so called canonical ensemble (NVT) where the number of 

moles  , the volume   and the temperature   are fixed. The size of the system and the chosen 

lattice constants will fix   and  . One way to control the temperature is the rescaling of the 

velocities. [7] A more natural way to control the temperature is usually done by using a Nosé 

thermostat. Here the temperature is controlled by exchanging heat between the system and a heat 

bath, where the system is located. Due to the method of how the thermostat works which involves 

the exchange of kinetic energy in terms to simulate a real thermally activated process, fluctuations 

in the temperature are unavoidable. [36]  
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5.  Simulation Set-up 

The following chapter will give an overview about the chosen computational setup for the 

simulations in VASP (vasp.5.3.3 - gamma point). Further on, it will be described how and what 

kind of simulations have been performed in VASP and DICTRA. 

 

5.1  VASP configuration 

VASP uses at least five different kind of input files where the necessary information, for describing 

the details of the setup, can be stored and read out by the software in order to run the simulations. 

In the following the setup for the MD simulations in this work will be given and the parameters are 

listed which ensure the usage of a canonical ensemble. 

 

5.1.1  INCAR 

General information for the VASP calculations are determined in this file. The step size for the N 

simulation is set to 1 fs. The step size for the other elements is set to 2 fs and given with the flag 

POTIM. The flag ENCUT is determined by the element with the highest ENMAX value given in 

the POTCAR file. Usually this value is set to ENCUT = 267.968 eV because of Co. In case of the 

participation of C and N ENMAX is higher and therefore the ENCUT value needs to be set to  

400 eV.   

 

Table 5.1; Representative INCAR file for the performed AIMD simulations 

NSW 20000 

POTIM 2.00000 

NPAR 8 

ENCUT 267.968 

EDIFF 1.00e-05 

TEBEG 2303 

TEEND 2303 

PREC Low 

ALGO Very Fast 

MAXMIX 40 

ISMEAR -1 

SIGMA 0.20000 

NELMIN 4 

IBRION 0 

ISIF 0 

SMASS 270 

LCHARG FALSE 

LWAVE FALSE 

ISPIN 2 

MAGMOM 108*2.0000 

 

Two further important flags are ISPIN and ISMEAR. With the flag ISPIN = 2 magnetism will be in 

general considered in the simulations and ISMEAR = -1 indicates that Fermi-smearing is used. The 
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other values are not system specific and the default values have been used.   

The previous Table 5.1 shows the input values for a typical INCAR file. Only the temperature, 

NPAR and ENCUT values are adjusted to the simulation and computer system where the 

simulation was performed.  

 

5.1.2  Canonical ensemble 

The way to describe the external environment for the simulated structure is important during MD 

simulations as mentioned in Chapter 4.5. In this work the canonical ensemble (NVT) is used. The 

number of atoms   is fixed for the simulation to 108 atoms. The volume will be hold fixed for each 

simulation by giving a fixed value for the lattice constants. They are calculated for the liquid Co 

matrix with different content of alloying elements by using thermodynamic databases provided by 

Thermo-Calc accordingly to each simulated temperature. Both   and   are fixed in the POSCAR 

file. 

The temperature   is determined with TEBEG and TEEND in the INCAR file. To keep   constant 

one further needs to adjust the parameter SMASS which is influencing the Nosé thermostat to 

coincide with a typical phonon frequency of the system. [38] A SMASS value of around 270 gives 

a Nosé frequency of 5.5THz which matches the phonon frequency of systems with a Co matrix. 

 

5.1.3  POSCAR 

This file contains all relevant information about the lattice and atomic positions. Based on the 

assumption of Co as matrix phase for the diffusion the initial lattice type was chosen as fcc 

structure (for T > 661 K). [39] The fcc structure contains four Co atoms and a lattice constant 

according to the temperature. The related volume increase is calculated based on Thermo-Calc 

databases [40]. More information will be given in Chapter 5.2 regarding the selection and 

positioning of elements, which have been used.  

The atomic positions are given in direct coordinates according to the fcc structure, whereas the 

initial cell of four atoms was extended to a so called supercell of 108 atoms. It should be mentioned 

that the initial structure falls apart during the AIMD simulation. The atomic positions are then 

determined by the atomic motion. 

 

5.1.4  POTCAR and KPOINTS 

The electronic structure needs to be described in order to perform DFT calculations as described in 

Chapter 4.4. In this work, the with VASP provided PAW potentials for Co (06Sep2000), W, Ti, C 

and N (08Apr2002) [34] are used. These potentials are optimized for the GGA-PBE functional 

which is a common variation of the normal GGA functional. [7]   

The KPOINTS file describes with the number of used points how accurate the energetic description 
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of the cell can be performed. An increasing number of KPOINTS leads to increased computational 

time. In the case of AIMD simulations for liquid systems the KPOINTS are reduced (1x1x1 in this 

work) which will, in general, reduce the accuracy. For the forces, which are mainly needed in MD, 

the accuracy will increase over time since initiated errors by reducing the KPOINTS are cancelling 

each other out. A bigger set of KPOINTS would anyhow lead to a serious increase in 

computational time. A mesh by 2x2x2 would need 16 times longer for the simulations. [35] 

 

5.1.5  Startscript 

This file is needed to configure the amount of nodes which will be used for the calculations and in 

this case it is defining the speed of the calculations. This is done in accordance to the NPAR value 

in the INCAR script which is determining the grade of parallelization of the simulations. Both, the 

number of nodes and NPAR values have been tested in advance to figure out the fastest 

configuration. For Triolith NPAR = 8 and PDC NPAR = 12 have been suitable with the amount of 

nodes listed in Chapter 2.1. The runtime determines the duration of the simulation, for both Triolith 

and PDC the maximum walltime of 72 h and 24 h has been used.  

 

5.2  Design of computational experiments 

The idea is to generate data for the diffusion coefficients based on the collected statistics on mean 

square atomic displacements. By relating this information to a Arrhenius relation as presented in 

Chapter 3.4 it is possible to get values for the mobility and the activation energy for the alloying 

elements.  

The base matrix where the diffusion takes place is the liquid Co binder phase in the cemented 

carbide system. In the scope of this work the following elements are of interest W, Ti, C and N. For 

this four elements the interdiffusion coefficients will be calculated whereas the self-diffusion 

coefficient for Co is also of interest.    

 

5.2.1 Temperature dependence 

In order to use the Arrhenius relation which is valid for thermally activated processes one needs to 

show if the process of diffusion, which will be simulated, is temperature dependent.   

The Co matrix needs to be in the liquid state whereas temperatures above the melting point of  

1768 K [39] are necessary. In this work three temperatures (1903 K, 2103 K and 2303 K) have 

been chosen. If one of those temperatures is mentioned in the following work, then the content (like 

diffusion values) is directly referred to the AIMD simulations.   

The initial structure for pure liquid Co has been prepared at a temperature of 6000 K to ensure to be 

in the liquid state. Further from this simulation three simulations have been done with decreasing 

temperature for each of the target temperatures.   
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All continuing simulations with alloying elements are based on this initial values to ensure starting 

with a liquid Co matrix phase and at the same time starting from one of the target temperatures.  

 

5.2.2 Supercell alloy configuration 

The size of the system is controlled by the number of atoms which are included. The basic size for 

a normal fcc cell is determined by the lattice constant for each configuration. To increase the 

number of atoms the initial cell was increased by a factor of three in each direction. Thus the length 

of each cube side is around 11 Å. The resulting supercell for pure Co is based on 108 atoms as 

already described in Chapter 5.1.3. Due to the different atom size of the alloying elements and the 

three different temperatures the volume of the supercell can vary between 1384 Å³ and 1531 Å³ 

depending on alloy composition.   

Based on this configuration the Co atoms have to be exchanged manually with a fixed amount of 

alloying elements – this was done by using VESTA which is a visualization software for 

crystallographic structures [41]. For the basic simulations to obtain the diffusion coefficients it was 

chosen to exchange a minimum of 1 Co atom which is less than 1 at.% and to exchange 11 of 108 

atoms which is ~10 at.%.   

The former exchanged atom was placed in the center of the supercell (see Figure 5.1a). The latter 

have been split up in two different configurations. The first configuration was to spread out the 

atoms randomly in the supercell (see Figure 5.1b) while the atoms has been placed as a cluster in 

the center of the supercell for the second configuration (see Figure 5.1c).   

 

Figure 5.1; Frontal view on a 3D supercell with 108 atoms, a) one C atom, b) 11 C atoms spread out and c) 11 C atoms 

as a cluster  

  

As a second configurational approach four different elements have been placed into one supercell. 

Those multicomponent systems are based on the elements Co, W, Ti and C. The intention is to 
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observe if the diffusion behaviour is influenced by interactions between those elements.   

 

 

Figure 5.2; Frontal view on a 3D supercell with 108 atoms, a) one W, Ti and C atom, b) 11 W, Ti and C atoms 

 

Two configurations are used as can be seen in Figure 5.2. All elements are randomly spread out in 

the supercell. Figure 5.2 a) shows the supercell with 105 Co atoms and each one W, Ti and C atom 

(less than 1 at.%). The alloying content for W, Ti and C is 10 at.% for the configuration in  

Figure 5.2 b) – 75 Co atoms and each 11 atoms of W, Ti and C. A third configuration was based on 

b) and the C content was reduced to 5 at.%. 

 

5.3 Influence of VASP input parameters 

The following flags from the INCAR file in VASP have been changed in order to test the accuracy 

of the simulations. The system is otherwise identical to the reference set up listed in Chapter 5.1. 

As a first test an increased value for cut-off energy (ENCUT) was tried and for a second test the 

effect of a different smearing method (ISMEAR) on the simulation results was investigated. As a 

third test the effect of the SMASS flag, which controls the energy exchange, was explored.   

The Co-W system with 1 at.% W at 1903 K was chosen as the reference configuration. In all test 

simulations the same starting configuration, after 10.000 timesteps, was used. Starting from this 

initial configuration 10.000 additional timesteps were performed for each test run.   

 

5.3.1 Cut-off energy 

A higher cut-off energy would result in more accurate calculations since an increased number of 

plane waves (basis functions) would be used. [42] Therefore it is interesting to test if an increase in 

the cut-off energy influences the diffusion coefficient values. The cut-off energy was increased 

from 267.986 eV to 334.96 eV which is 25% of the initial value.   

The diffusion of Co is found ~2% slower as compared to the reference configuration, as Table 5.2 
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shows. The difference obtained for W is considerably larger. W is found to diffuse 3.6 times faster 

with the increased ENCUT value. This will be further discussed in Chapter 7.3.1. 

 

Table 5.2; Comparison of the diffusion in the Co-W configuration with an increase cut-off energy  

 D [10-9 m²/s] at 1903 K 

Reference (267.968 eV) Increased ENCUT (334.96 eV) 

Co 3.73 3.66 

W 0.78 2.8 

 

5.3.2 Difference between Fermi and Gaussian smearing 

For this test a second reference system was used. It is the Co-W system with 1 at.% W just with a 

different temperature of 2103 K instead of 1903 K. The effect of a different smearing method is 

shown in Table 5.3.  

The Gaussian smearing (1903 K) is resulting in a 1.4 times faster diffusion for Co and 2.6 times 

faster diffusion for W compared to the Fermi smearing. At 2103K the difference between Fermi 

and Gaussian smearing becomes less for Co. The Gaussian smearing is resulting in a 9% slower 

diffusion for Co and in a 2.3 times faster diffusion for W. The discussion for this part is included in 

Chapter 7.3.1. 

 

Table 5.3; Comparison of the diffusion in the Co-W configuration with a different smearing method 

 D [10-9 m²/s] 

Reference (Fermi) at 

1903 K 

Gaussian 

(1903 K) 

Reference (Fermi) at 

2103K  

Gaussian  

(2103 K) 

Co 3.73 5.33 5.96 5.44 

W 0.78 2.02 3.42 7.89 

 

5.3.3 Temperature control 

The SMASS flag which controls the Nosé thermostat constant has to be adjusted to the phonon 

frequency of the system as already described in Chapter 5.1.2. Alternatively, by modelling without 

a thermostat it is possible to use the rescaling of the velocities which will fix the temperature to a 

certain value (SMASS = -1). [38]  
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Figure 5.3 shows the temperature fluctuations obtained with a Nosé thermostat, which look similar 

for other temperatures and elements. 

 

 

Figure 5.3; Temperature fluctuation while using a Nosé-thermostat 

 

The SMASS value was set to the needed value of 270 for the present simulation. This is only valid 

after 3000 timesteps. The timesteps before are still affected by the previous simulation run which 

was done with an SMASS value of 6. As can be seen the system needs around 6000 fs (3000 

timesteps) to adjust the temperature control to the value determined by SMASS. Further it can be 

seen that the temperature is slightly increasing with time.  

Figure 5.4 shows the temperature control while using the rescaling of the velocities. As can be seen 

the temperature is kept constant at the pre-defined value. 

 

 

Figure 5.4; Temperature control using the rescaling of the velocities 

 

In order to compute the diffusion using the right Nosé frequency (SMASS 270) the first 3000 

timesteps have to be ignored. Table 5.4 shows the obtained values for the diffusion coefficient. The 

Co diffusion coefficient calculated using the rescaled velocities method is ~2.5% smaller compared 
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to the one obtained with a Nosè thermostat. The W diffusion is 2 times faster for the method using 

rescaled velocities. 

 

Table 5.4; Comparison of the diffusion in the CoW configuration using different methods for the temperature control  

 D [10-9 m²/s] at 1903 K 

Reference (Nosé-thermostat) Rescaled velocities 

Co 3.73 3.64 

W 0.78 1.55 

 

5.4  Design of the DICTRA simulation 

The homogenization model is used for the simulations in DICTRA. With this model the diffusion 

simulation of dispersed phases in a matrix phase is possible. For the simulation a modified 

thermodynamic and kinetic database will be used. The modified thermodynamic database (based 

on the original CCC1 TC-database) was provided by Sandvik. The kinetic databases which contain 

the mobility data is modified by the values obtained from this work.   

To verify the accuracy of the mobility data the simulations will be compared with experimental 

measurements of gradient formation. Samples which are provided by Sandvik will be sintered with 

temperatures and sintering times according to the ones used in the DICTRA simulations. 

 

5.4.1 DICTRA setup 

The diffusion simulation are performed under the assumption that the diffusion takes place in the 

liquid binder phase. According to corresponding Thermo-Calc calculations the stable phases for 

different temperatures are investigated. The sintering temperatures and times are listed in Table 5.6.  

 

Table 5.6; Sinter time and temperature related to the simulations and experiments 

Experiment Simulation   [K] Time of sintering/simulation 

1 1 1673.15 1h 

2 2 1773.15 1h 

 

According to Table 5.6 the simulation temperatures and times are set.   

The initial composition for the DICTRA setup is taken to be equal to the sample composition. The 

composition of each stable phase is calculated using Thermo-Calc and entered into DICTRA.  
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5.4.2 Kinetic database 

As has been mentioned above, the kinetic database is adjusted with the diffusion values obtained in 

this work. The DICTRA simulations also include elements for which the diffusion has not been 

investigated with AIMD. Those elements are N, Nb and Ta. The N simulations had not been 

finished when the DICTRA simulations were started. The initial values for the activation energy 

are 65 kJ/mol and for the prefactor 9.24e-7 m²/s were used as it was suggested by Ekroth [21].   

For the simulations 1-2 the following assumptions are used. Due to the similarity of the elements 

the mobility of N is assumed to be equal to that of C and the mobility of Ta is assumed be equal to 

that of W. By atomic weight, the mobility for Nb is found in between Ti and W. The mobility 

values for Nb are recalculated based on the Ti mobility. A factor obtained from the differences in 

the atomic weight is used (considering       as valid assumption). Due to insufficient statistics 

behind the simulations with 1 at.% alloying content only the mobility values from the simulations 

with 10 at.% and 10 at.% as cluster are considered. The average over both simulations was used for 

each element. The reason for this will be discussed in Chapter 7.3.1.  

Figure 5.6 shows schematically how the mobility data are stored in DICTRA.  

 

 

Figure 5.6; Construction of the mobility database for DICTRA 

 

This way of storage of the mobility data uses the following assumptions. The blue line shows how 

the mobility of Co is influenced by the Ti alloying. The red line shows how the mobility of Ti is 

influenced by Co alloying. For the storage of kinetic data all four combinations (Co,Co), (Co,Ti), 

(Ti,Co) and (Ti,Ti) are needed. From the AIMD simulations only three values are obtained (marked 

with a green square). (Co,Co) denotes the self-diffusion of Co and the two mobility values with the 

alloying content of 10 at.% Ti. Only for the blue line an extrapolation is possible. The red line is 

assumed to be composition independent and assumes the same mobility for Ti independently of the 

Co content. This procedure of determining the mobility values was done for all elements.  
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5.4.3 Homogenization model 

Three phases coexist at the sintering temperature according to Thermo-Calc simulations. The stable 

phases in the bulk material are liquid, FCC and mc_SHP.   

The liquid phase mainly consists of Co. The mc_SHP phase is the stoichiometric WC formed by W 

and C. The FCC phase contains the other elements which will be present in for of carbides and 

carbo-nitrides. Furthermore a gas phase will be implemented as nitrogen (N) atmosphere. This will 

be used to create an activity gradient for N.   

Figure 5.7 is showing the schematic setup of the homogenization model.   

 

 

Figure 5.7; Schematic of setup of the homogenization model 

 

The left hand side is showing the surface of the material. The activity for the N atmosphere is, for 

computational reasons, set to a value greater than zero (N-activity equal 10e-14). This gives an 

atmosphere close to vacuum as it is used in the sinter furnaces. It is important for creating a N 

gradient to have the N activity in the atmosphere smaller than in the bulk material. The liquid phase 

is assumed to be the matrix (binder). Both the FCC and the mc_SHP phase are introduced as 

spherical dispersed particles into the matrix.   

Further one has to consider a so called labyrinth factor      which has to be entered as 

homogenization function. The diffusion takes place in the liquid phase and the spherical particles 

(WC and FCC) are assumed to be obstacles which reduce the effective diffusion of all elements  

(eq. 15). [2]   

 

                       (15) 

 

Initially it was chosen to have     , whereas   is the volume fraction of the binder as it was used 

for the gradient simulations in [2] and [3].  
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6.  Results 

This chapter will give information about the diffusion coefficients which could be calculated from 

the mean square displacement (MSD) for the performed AIMD simulations using VASP [43]. For 

calculating the values of the diffusion coefficients the AAD (Average Atomic Distance) program 

(vers. beta.0.94.020) written by Blomqvist [44] was used. These values are used in the rearranged 

Arrhenius relation which was given with eq. (10) to calculate the values for the mobility    and 

the activation energy  .  

Further the results of the performed DICTRA simulations, using the homogenization model, are 

presented. The liquid phase will be studied by using radial distribution functions (RDF) and bond 

angle distributions (BAD).  

 

6.1  Self-diffusion 

The self-diffusion in liquid Co was quantified using a cell of 108 atoms (see Table 6.1). The 

following diffusion coefficients   could be obtained from the MSD for three temperatures.  

 

Table 6.1; Self-diffusion coefficients of Co obtained for three temperatures 

Temperature [K]   [10-9 m²/s] 

1903 4.17 

2103 5.94 

2303 7.25 

 

Taking the natural logarithm for   and the inverse temperature times the Boltzmann constant in eV 

it is possible to obtain the Arrhenius plot shown in Figure 6.1 for the self-diffusion of liquid Co. 

 

 

Figure 6.1; Arrhenius plot for the self-diffusion of liquid Co 

y = -0,5245x - 16,081 
R² = 0,9893 

-19,4 

-19,3 

-19,2 

-19,1 

-19 

-18,9 

-18,8 

-18,7 

-18,6 

4 4,5 5 5,5 6 6,5 

ln
 (

D
) 

1/kBT   [eV-1]    

Selfdiffusion in liquid Co 



 

   

31 

The trendline equation for the three temperatures can be used to obtain the activation energy and 

the frequency factor. The slope (0.5245) of the given Arrhenius plot allows to determine   in eV. 

By converting this value into kJ/mol it is possible to obtain the activation energy  . The logarithm 

of the frequency factor                is given in Figure 6.1 which allows to obtain the    

value by taking the exponential.   

The results for the self-diffusion of Co are collected in Table 6.2. The first and second row in  

Tables 6.2 to 6.9 are showing the calculated diffusion coefficient from the fitted values of the 

activation energy   and the frequency factor   . Once   and    are known the diffusion 

coefficients can be calculated according to the Arrhenius fit. Due to this, one is not limited to the 

three initial temperatures form the AIMD simulations. For comparison the industrial relevant 

sintering temperature of 1723 K is selected and further a second temperature at 2300 K is used to 

show how the diffusion develops with increasing temperature. Row number three shows the 

frequency factor    and row number four the activation energy  . The least square errors are 

shown for   but since    is plotted as         the least squared fitting shows none reasonable 

values for the low number of only three values in the Arrhenius plot whereas they are neglected for   . Row five shows the R² values obtained from the Arrhenius plots and finally the row number 

six shows the average number of simulation timesteps. The R² is one indication of how good the 

linear regression line fits the data points. A high value of R² is indicating a good fit to a linear 

behaviour of temperature dependence. A low R² is indicating that the data points are not linear 

correlated to each other.   

 

Table 6.2; Results for liquid Co 

 Co self-diffusion 

1   [10-9 m²/s] at 1723 K 3.04 

2   [10-9 m²/s] at 2300 K 7.38 

3    [10-7 m²/s] 1.04 

4   [kJ/mol] 51 ± 5 

5 R² 0.99 

6 Average number of steps 10k 

 

6.2 Interdiffusion 

The procedure which was shown for liquid Co was as well used to create the Arrhenius plots for 

the interdiffusion of the alloying elements which are listed in the appendix (number 1-4).   

The interdiffusion is always compared to the diffusion of the matrix with the alloying element. For 
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the first case of W diffusion it means that the diffusion of the W in the Co matrix was measured 

and vice versa, the diffusion of the Co matrix was measured with the alloying element of W.  

The following four parts will show the interdiffusion for the four alloying elements divided into the 

three tested configurations with alloying content of 1 at.%, 10 at.% and 10 at.% as cluster in similar 

way as it was already presented for the self-diffusion of Co.  

In all four tables it can be seen that the calculated error in the activation energy, is strongly related 

to the R² value. A low value for R² often leads to high error values. Furthermore it is noticeable that 

errors in the activation energy are comparable low and the R² values are high for the liquid Co 

matrix.  

 

6.2.1 Interdiffusion of W in liquid Co 

The simulations could be performed with 16.000 to 20.000 timesteps. All three simulations show 

similar values for the diffusion coefficients as can be seen from Table 6.3. The activation energy 

and the pre factor are highest for the configuration with 1 at.% W.  

 

Table 6.3; Interdiffusion of W in liquid Co 

 < 1 at.% W 10 at.% W 10 at.% W_cluster 

W Co W Co W Co 

1   [10-9 m²/s] at 

1723 K 

1.76 2.8 2.25 3.10 1.72 2.71 

2   [10-9 m²/s] at 

2300 K 

6.25 8.16 5.85 6.72 5.53 6.31 

3    [10-7 m²/s] 2.74 1.98 1.02 0.67 1.82 0.78 

4   [kJ/mol] 72 ± 36 61 ± 11 55 ± 2 44 ± 17 67 ± 25 48 ± 1 

5 R² 0.80 0.96 0.99 0.86 0.88 0.99 

6 Average number 

of steps 

20k 16k 20k 

 

The Co diffusion is fastest in each of these simulations. At 1723 K the difference between Co and 

W is more distinct compared to the difference at 2300 K. The Co diffusion coefficients are similar 

for the simulations with 10 at.% W. The same is valid for the W diffusion with the exception that 

the W diffusion within the cluster is ~30% slower at low temperatures compared to the non-cluster 

diffusion.   
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The diffusion for the simulation with less than 1 at.% W is fastest for W and Co at 2300 K. At  

1723 K the diffusion coefficients for W and Co are similar to the cluster diffusion.   

  

6.2.2 Interdiffusion of Ti in liquid Co      

For the Ti configurations 18.000 timesteps have been performed as shown in Table 6.4.   

The configuration with one Ti atom shows very low correlation between the three diffusion 

coefficient values in the Arrhenius plot for Ti. This is resulting in a low R² value and a 

unreasonable error for   which is five times bigger than the actual value.   

The simulations with 10 at.% Ti show similar values for the diffusion coefficients of Ti and Co. Co 

diffuses twice as fast as Ti at lower temperatures. At higher temperatures both Ti and Co have a 

similar diffusion coefficient.  

The Ti diffusion in the simulation with less than 1 at.% Ti is nearly twice as fast at 1723 K 

compared to the Ti diffusion with 10 at.% Ti. This changes at 2300 K where the Ti diffusion of the 

simulations with 10 at.% Ti are twice as fast.   

In general the error for the activation energy is considerably high within the calculations. Except 

for Co in the simulation with less than 1 at.% Ti. 

 
Table 6.4; Interdiffusion for Ti in liquid Co 

 < 1 at.% Ti 10 at.% Ti 10 at.% Ti_cluster  

Ti Co Ti Co Ti Co 

1   [10-9 m²/s] at 

1723 K 

3.74 3.22 2.17 4.41 1.94 4.22 

2   [10-9 m²/s] at 

2300 K 

4.16 6.48 8.36 7.78 7.84 8.22 

3    [10-7 m²/s] 0.057 0.52 4.64 0.42 5.1 0.6 

4   [kJ/mol] 6 ± 30 40 ± 13 77 ± 69 32 ± 30 80 ± 30 38 ± 38 

5 R² 0.04 0.98 0.55 0.92 0.87 0.88 

6 Average number 

of steps 

18k 18k 18k 

 

6.2.3 Interdiffusion of C in liquid Co 

Table 6.5 shows that 35.000 timesteps have been performed for the simulations with one C atom 

whereas the two configurations with 10 at.% C are at 25.000 timesteps.  
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Table 6.5; Interdiffusion of C in liquid Co 

 < 1 at.% C 10 at.% C 10 at.% C_cluster 

C Co C Co C Co 

1   [10-9 m²/s] at 

1723 K 

15.1 2.63 2.08 2.37 4.7 2.31 

2   [10-9 m²/s] at 

2300 K 

14.3 7.34 29.3 13.8 33 14.1 

3    [10-7 m²/s] 0.12 1.6 799 26.6 110 31.7 

4   [kJ/mol] -3 ± 44 58 ± 4 151 ± 52 101 ± 32 111 ± 71 104 ± 44 

5 R² 0.0053 0.99 0.89 0.91 0.71 0.84 

6 Average number 

of steps 

35k 25k 25k 

 

Similar to the Ti configurations the low correlation for C in the configuration with less than 1 at.% 

C is noticeable. Further the negative activation energy for C in this configuration is conspicuous. 

Though the diffusion slows down for an increasing temperature. For both configurations with  

10 at.% C the activation energies are much higher compared to all systems and as well the 

frequency factors show distinct differences.   

The diffusion coefficients for those two configurations are twice that high as the values for the 

configuration with only one C atom. For all configurations it is clear that big differences between 

the liquid Co matrix and the diffusing C atoms for the diffusion coefficients are obtained.  

 

6.2.4 Interdiffusion of N in liquid Co 

For the diffusion of N only one simulation with 10 at.% N has been performed. At 1723 K the N 

diffusion is more than twice as fast as the Co diffusion as can be seen from Table 6.6. At 2300 K 

the N diffusion is only ~20% faster. The R² value for N is low and the error for the activation 

energy is bigger than the activation energy itself. Looking at the Arrhenius plot (Appendix 4) the N 

diffusion at 2300 K is displaced compared to the other two temperatures. For this temperature step 

only 1300 timesteps could be performed before the simulation aborted due to an error. The other 

two temperatures could be performed with 10.000 timesteps each. 
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Table 6.6; Interdiffusion of N in liquid Co 

 10 at.% N 

N Co 

1   [10-9 m²/s] at 1723 K 7.61 3.34 

2   [10-9 m²/s] at 2300 K 12.3 10.6 

3    [10-7 m²/s] 0.51 3.13 

4   [kJ/mol] 27 ± 37 64 ± 6 

5 R² 0.34 0.99 

6 Average number of steps 10k (1.3k for T=2300 K) 

 

6.3 Multicomponent diffusion of three alloying elements in the liquid Co matrix 

In this chapter the results of the multicomponent diffusion will be presented. The Arrhenius plots 

are attached in the appendix (5-7). General observations will be made in this part, more details 

about occurring special features will be shown in the following parts.   

In general the obtained values for Co have a considerably high R² value and a low error for the 

activation energy. Looking at the diffusion for all elements, the simulations give, in general, similar 

values compared to the diffusion simulations in Chapter 6.2. C is the element with the fastest 

diffusion and W the slowest one. The diffusion of Ti is faster than that of W but slower than that of 

Co. The simulations for C (Co with < 1 at.% W,Ti and C) and Ti (Co with 10 at.% W,Ti and C) 

show negative values for the activation energy  . 

 

6.3.1 Co with < 1 at.%(W,Ti,C) 

Table 6.7 shows the results for the diffusion with less than 1at.% W,Ti and C alloying content. 

In average 25.000 timesteps could be considered in the simulations. High values for R² have been 

obtained for W and Co. A low R² value and the high error for the activation energy has been 

obtained for C. As well as the low and negative activation energy. Due to the small but negative 

activation energy the diffusion slightly slows down for increasing temperature.  
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Table 6.7; Multicomponent diffusion for less than 1 at.% W,Ti and C 

 < 1 at.% (W,Ti,C) 

Co W Ti C 

1   [10-9 m²/s] at 1723 K 3.07 1.14 2.02 12 

2   [10-9 m²/s] at 2300 K 7.51 5.24 9.06 11.8 

3    [10-7 m²/s] 1.09 5.04 8.06 0.12 

4   [kJ/mol] 51 ± 1 87 ± 26 85 ± 68 -1 ± 31 

5 R² 0.99 0.92 0.61 0.0011 

6 Average number of steps 25k 

 

6.3.2 Co with 10 at.%(W,Ti,C) 

The average number of timesteps is 14.000 as can be seen from Table 6.8. The R² value and the 

error for the activation energy are best for W. The pre factor for Ti is several order of magnitude 

smaller compared to the other elements. The activation energy for Ti is considerably large and 

negative whereas the diffusion significantly slows down for higher temperatures. Looking at the 

Arrhenius plot (Appendix 6) it is obvious that the Ti diffusion for the highest temperature is 

strongly deviating from the first two temperatures.  

 

Table 6.8; Multicomponent diffusion for 10 at.% W,Ti and C 

 10 at.% (W,Ti,C) 

Co W Ti C 

1   [10-9 m²/s] at 1723 K 3.2 1.28 7.59 6.88 

2   [10-9 m²/s] at 2300 K 7.55 6.32 1.15 13.4 

3    [10-7 m²/s] 0.98 7.45 0.00004 0.97 

4   [kJ/mol] 49 ± 26 91 ± 13 -108 ± 114 38 ± 73 

5 R² 0.78 0.98 0.47 0.21 

6 Average number of steps 14k 
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6.3.3 Co with 10 at.%(W,Ti),5 at.% C 

Table 6.9 shows the results for a variation in the alloying content for C within the multicomponent 

diffusion simulations and 15.000 timesteps could be performed.  Compared to the simulation in 

Chapter 6.3.2 the C content was reduced to 5 at.%.  

Beside the values for Co, the C value for R² is highest and the error for the activation energy 

lowest. The C diffusion is more than twice as fast as the fastest metallic element (Co). 

 

Table 6.9; Multicomponent diffusion for 10 at.% W,Ti and 5 at.% C 

 10 at.%(W,Ti), 5 at.% C 

Co W Ti C 

1  [10-9 m²/s] at 1723 K 2.84 1.23 2.2 4.65 

2   [10-9 m²/s] at 2300 K 8.15 4.49 6.97 17.2 

3    [10-7 m²/s] 1.91 2.13 2.19 8.6 

4   [kJ/mol] 60 ± 8 73 ± 63 66 ± 50 75 ± 6 

5 R² 0.98 0.58 0.63 0.99 

6 Average number of steps 15k 

 

6.4 DICTRA 

In the following the results obtained from the DICTRA simulations are presented.  

 

 

Figure 6.2; Experimental gradient evaluation with light optical microscopy (LOM), 1) at 1673.15 K 2) at 1773.15 K  
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The experimental evaluations shows that the gradient is increasing with increasing temperature 

(Figure 6.2). The predicted gradient formation in DICTRA, based on the modified kinetic 

databases) can be seen in Figure 6.3. The WC, FCC and the liquid phase are shown and the 

gradient width is marked in red.  

 

 

Figure 6.3; Computational gradient evaluation using DICTRA, 1) at 1673.15 K 2) at 1773.15 K  

 

Table 6.10 give the average gradient width from the experimental evaluation for three different 

measuring positions. Furthermore the results from the DICTRA simulations are shown. It is 

obvious that the predicted gradients with DICTRA are ~3 times too large. Looking at the 

simulation time it can be seen that only 2330 s could be performed within the timeframe of this 

work. Around 1300 s are left to simulate sintering time of 3600 s (1 h) which was used for the 

samples. 

 

Table 6.10; Comparison of the gradient width between the DICTRA simulations and the experiments 

 

T in [K] 

Gradient width in [µm] 

Experiment (3600 s) Simulation (2330 s) 

1673.15 15.25 42 

1773.15 18.25 60 
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6.5 Structure of the liquid 

6.5.1 Radial Distribution Function (RDF) 

The RDF is preliminary used to investigate if and how fast the clusters are dissolving during the 

simulations. The RDFs have been evaluated for different timesteps. At each step it was recorded 

how many atoms are located at a certain distance   to a reference atom of the same type. [15] In 

this calculation only the W, Ti and C atoms are of interest. The RDF evolution for a sequence of 

six timesteps is exemplified as shown in Figure 6.4. The Co-W system at 1903 K was used to show 

the behaviour of the W cluster. Here the reference atom is W and only the distance between W 

atoms is recorded. The first peak which is representing the nearest-neighbour atoms is of special 

interest. The maximum number of simulation steps is 20.000 for this system (represented by the 

green line). The peak at 11.25 Å represents the period of the supercell. Four different peaks can be 

distinguished, at 2.8, 4.8, 7 and 9 Å respectively. The amplitude of the first peak corresponding to 

the nearest-neighbour distance is decreasing with increasing simulation time.  

 

 
Figure 6.4; RDF’s of W related to a W reference atom 

 
6.5.2 Bond Angle Distribution (BAD) 

The BAD gives information about the bond angle distribution for the nearest-neighbour atoms. [7] 

This can be used to quantify the atomic structure of a liquid.   

Figure 6.5 a) is showing exemplary the BAD for the Co-W system at 1903 K. For W peaks are 

resolved at 60°, 107° and 157°. The peaks for Ti corresponds to angles 60°,109° and a small peak 

at 82°. In the case of Co the BAD is similar to W and Ti, the peaks are located at around 63° and 

113°. In Figure 6.5 b) the Co-C system at 2103 K is presented. The peaks for Co are around 60° 

and 109°. The main peak for C is intercepting with the minimum between the Co peaks and is 

located at 82°. A second peak is indicated at ~130°.  
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Figure 6.5; Bond Angle Distribution for a) the Co-W configuration and b) the Co-C configuration 
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7.  Discussion 

The discussion will be divided in three different parts. In the first part the results of the diffusion 

simulations will be compared with the available literature data in order to evaluate the accuracy. 

The second part discuss the results of the DICTRA simulation. In the third part general aspects of 

the obtained results will be discussed.  

 

7.1 Results in comparison with literature values  

High temperature experimental measurements of diffusion in liquid metal systems are difficult to 

carry out. One reason is the convection driven effect of mass transfer. Even if results are available 

for a particular system, their accuracy may not be satisfactory. [17] For the system of liquid Co no 

experimental diffusion coefficients are found in the literature except the data on the dissolution of 

WC in a liquid Co matrix. Therefore two approaches will be used to evaluate the results from this 

work. The first approach is focussing on estimated values which could be, anyhow, obtained for the 

liquid Co system. Those are based on scaling laws (modelled by calculation in general) and fitted 

data to describe experimentally investigated gradient formation. In the second approach the liquid 

Co matrix will be compared to a similar system with a liquid Fe matrix. For the liquid Fe system 

experimental diffusion data are available. 

 

7.1.1 Liquid Co system 

Table 7.1 till 7.3 list the diffusion coefficients which have been calculated using the AIMD 

approach in this work. They are compared with the literature values.   

The use of scaling laws for atomic diffusion (Rosenfeld [45] and Dzugutov [46]) provides 

information about the self-diffusion in liquid Co which are presented by Korkmaz and Korkmaz 

[47], Yokoyama and Arai [48] and Yokoyama [49]. The diffusion coefficients obtained in this 

work are in good agreement with the values given by Yokoyama and Arai. The values from 

Korkmaz and Korkmaz and Yokoyama are also in reasonably good agreement with the values 

obtained from this work. Their values are ~30% bigger which suggest a faster diffusion.   

Chen et al. [22] used a modified Sutherland equation to derive an Arrhenius formula. The modified 

Sutherland equation is based on a combination of the Sutherland equation, the temperature-

dependent viscosity equation and the effective diameter equation. [62] The so derived Arrhenius 

relation was used to calculate interdiffusion and self-diffusion -coefficients for the liquid Co 

system in cemented carbides. The self-diffusion coefficients of Co are in excellent agreement with 

the values obtained in this work. The interdiffusion coefficients for a system with ~10%W in the 

liquid Co matrix are showing as well a good agreement with the values obtained here using AIMD. 
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Table 7.1; Diffusion coefficients calculated with AIMD compared with literature values  

 

 

System 

 

   [K] 

  [10-9 m²/s]  

This 

work 

(AIMD) 

Calculated by 

Scaling law modified Sutherland 

equation [22] 
Rosenfeld Dzugutov 

 

Co 

1723 3.04 - - - - 3.09 

1823 3.69 4.69 a 4.49 a 3.51 b 4.55 c 3.72 

1873 4.03 5.33 a 5.12 a 4.20 b 5.24 c 4.17 

1923 4.39 5.99 a 5.76 a 4.58 b 5.68 c 4.47 

8.32 
at.%W in 

liquid Co 

 

1865   

W    2.45 d - - - - 2 

Co         3.5 d - - - - 3.35 

a Korkmaz and Korkmaz [47] 
b Yokoyama and Arai [48] 
c Yokoyama [49] 
d Interdiffusion of 10% W in liquid Co 
 

LaBrosse et al. [50] developed a potential, similar to embedded atom model (EAM) potentials, to 

describe the Co system. The diffusion coefficients obtained in classical molecular dynamical 

(CMD) simulations with those potentials are listed in Table 7.2. As can be seen the diffusion 

coefficient obtained from the CMD are about one half of the values computed in this work.  

 

Table 7.2; Diffusion coefficients calculated with AIMD compared with literature values from CMD 

 

System 

   [K] 

  [10-9 m²/s]  

This work (AIMD) LaBrosse et al. (CMD) [50] 

 

Co 

1723 3.04 1.32 

1823 3.69 1.69 

1873 4.03 1.90 

1923 4.39 2.12 

 

The only available experimental value, was obtained by Allibert et al. [51], who investigated the 

dissolution of WC in liquid Co using two different methods as can be seen from Table 7.3. They 

could measure values of the dissolution of WC which are in good agreement with the diffusion 

coefficient of W in liquid Co (under the assumption the diffusion of W is the rate-limiting process 

during the dissolution of WC).    

The work by Han et al. [52] deals with the experimental measurments of the surface tension of pure 

liquid cobalt. Based on the measured value, the prefactor and the activation energy of diffusion can 

be derived through the Stokes-Einstein relation. The so obtained value for the Co self-diffusion is 
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in good agreement with the value obtained in this work.  

Previously, Garcia et al. [2] and Ekroth [21] had to assume values for the activation energy and the 

frequency factor in order to calculate diffusion coefficients for the subsequent use in gradient 

formation simulations using DICTRA. The assumed values are chosen on the basis of data for 

liquid Fe systems. Ekroth assumed that the diffusion coefficients are equal for all elements, 

whereas Garcia obtained the best results with the diffusion coefficient for metallic elements half of 

the value of that of non-metallic elements like C and N in liquid Co. The diffusion coefficients 

obtained in this present work are situated in-between those two values. Ekroth assumes that 

diffusion of metallic elements is three times faster. The values given by Garcia et al. are six times 

lower for metallic elements than the values obtained in this work. Those two assumed values by 

Garcia et al. and Ekroth show a big divergence from results obtained in this work and the results by 

other authors. This indicates that their assumption are probably not suitable and will therefore be 

excluded for the evaluation of the accuracy of the diffusion coefficients.  

 

Table 7.3; Diffusion coefficients calculated with AIMD compared with literature values  

 

 

System 

 

   [K] 

  [10-9 m²/s]  

This work 

(AIMD) 

Experiment 

[51] 

Derived from 

experiments. 

[52]  

Assumption 

Garcia [2] Ekroth [21] 

Co 1723 3.04 - 3.78 0.5 9.89 

1823 3.69 - 4.19 - - 

1873 4.03 - 4.39 - - 

1923 4.39 - 4.59 - - 

WC in 
liquid Co 

1723 1.72-2.41 2- 2.3 - - - 

1 Interdiffusion of 10% and 1% W in liquid Co  

 

7.1.2 Liquid Fe system 

Table 7.4 shows the values for the interdiffusion coefficients calculated for the binary liquid Co 

alloys with W, Ti, C and N studied in this work. They are compared to experimental data on the 

diffusion in liquid Fe. For two of the systems the activation energies are also compared.  

As can be seen from Table 7.4, the magnitude of all values calculated in this work is in good 

agreement with the magnitude of values obtained in experiments. This, even though the solvent is 

different, shows that in general a good agreement between the AIMD simulations and experimental 

values exists for the diffusion in a liquid metal matrix. 
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Table 7.4; Comparison between interdiffusion of W, Ti, C and N in liquid Co and liquid Fe systems 

System   [K]   [1E-09 m²/s]   [kJ/mol] 

This work 

(with diffusion 
in liquid Co) 

Experimental This work  

(in liquid 
Co) 

Experimental 

[54] 

W in 
liquid Fe 

 

1873 2.5-3.05 10 [53]   

1843 2.33-2.88 1.2 [54]   

1823-1923   55-67 100 

1903 2.67-3.22 2.7±0.07 [28]   

Ti in 

liquid Fe 

1843 2.78-3.84 4.4 [54]   

1823-1923   6-80 43 

C in liquid 

Fe 

1823 3.71-14.95 8 [55]   

N in liquid 

Fe 

1873 8.87 4.12 [56]   

9.2 [57]   

 

7.2 DICTRA 

The comparison between the simulated gradients by DICTRA and the experimental investigated 

gradients does not give a satisfying result. The gradients predicted by the simulations are ~3 times 

too big for both temperatures. Since around 1300 s for the simulation are still left, the gradients can 

be expected to grow which would increase the deviation between experimental and computational 

work.  

In the work from Garcia et al. [2] it can be seen that the diffusion for the non-metallic elements is 

predicted two times faster compared to the metallic elements, as it is also proposed in this work. 

They used estimated values for the mobility and fitted their results to experimental investigated 

gradients. In general their mobility values are around 6 times smaller compared to this work. 

Further they used a labyrinth factor of    .   

The labyrinth factor is significantly influencing the effective diffusion which is used for the 

DICTRA simulations. Since their values for the mobility are much smaller compared to the values 

obtained in this work they as well need a labyrinth factor which gives a smaller reduction of the 

effective diffusion. So the initial choice of     based on the results of Garcia et al. is probably 

not suitable for the, with AIMD, obtained mobility values. With a volume fraction   of ~15%, 

which is similar to that in the work of Garcia et al., the labyrinth factor is       . A factor of      would instead lead to a smaller gradient since the effective diffusivities would be reduced 

by a factor            . DICTRA simulations with the labyrinth factor      have been 

started but could not be finished in time to be considered in this work.    

The ratio between the two experimental obtained gradient widths is 1.2 and the ration for the 

gradients in DICTRA is 1.4. Being able to divide the, in DICTRA obtained, gradients would be an 
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indication that the labyrinth factor is not suitable. The two ratios are not identical but close enough 

make the assumption that the reason for the deviation could be caused by the choice of a wrong 

labyrinth factor. Further an error within the experimental measurements could change the gradient 

ratios. This, as a source of error, could result in different gradient widths for the experimental 

investigated gradients and finally reduce or increase the difference in the ratio of the gradient 

widths.  

 

7.3 General discussion 

7.3.1 Quality of the AIMD simulations 

Looking at the R² value and the error from the least square fitting procedure it can be seen that the 

simulations are not always delivering satisfactory results. Especially the simulations for the 

diffusion coefficient with supercells containing one Ti or one C atom are reflecting this 

observation. This shows the need to change parameters of the simulations to increase the accuracy. 

On the other hand this will lead to an increase in computational time and cost. Starting points to 

increase the simulation quality could be the addition of more temperatures which would increase 

the statistics of the Arrhenius relations. Further additional simulation timesteps which increases the 

total simulation time and reducing the timestep to a value below 2 fs could lead to more precise 

calculations.  

It can be seen from Tables 6.2 till 6.9 that for Co atoms high values for R² and a low error for the 

activation energy have been obtained. The more atoms are in the supercell, the more atoms are 

available to be analysed with the mean square displacement, which gives much better statistics. 

Based on this it would be logical to increase the size of the cell by introducing more atoms. With 

the present project it was not feasible because this would result in a strong demand of more 

computational power. 

For three simulations a negative activation energy was obtained. Two times for one C atom and one 

time for 10 at.% Ti. The negative activation energy is a non-physical phenomenon in the case of 

thermally activated diffusion as it is assumed in this work. Looking at the Arrhenius plots 

(Appendix 3, 5 and 6) for all three simulation the last obtained value for 2303 K significantly drops 

in the diffusion speed.   

Most probable reason for the negative activation energy is that too little statistics are available. This 

is especially implied since the two C simulations that are treating just one C atom per supercell.  

The simulations should be done again and one should considered changing parameters in VASP to 

increase the accuracy. Decreasing the timestep to 1 fs and changing the PREC and ALGO flags to 

perform a slower but more accurate simulation could be one option.  

Figure 7.1 shows the mean square displacement (MSD) which is given in Å² obtained in two 

simulations.  
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The MSD from  Figure 7.1 a) is exemplary for other simulations. As can be seen from the Figure 

7.1 there is a constant mean square displacement with increasing time. Depending on the slope of 

the curves one can already see from the MSD which element diffuses faster. In this case C is the 

fastest diffusing element. The blue line for Co is straight which represents the ideal case which 

means that a perfectly constant mean square displacement is present. The lines for W, Ti and C are 

slightly deviating from the ideal case. This can be related to the smaller amount of atoms which 

leads to less statistic as mentioned above.   

 

 

Figure 7.1; MSD curves for a) multicomponent diffusion with 10 at.% W,Ti 5 at.% C and b) CoC with less than 1 at.% C 

 

Figure 7.1 b) shows one example for the diffusion with only one solute atom. The MSD for Co 

shows again a straight line. The displacement for C turns at ~12.000 timesteps and decreases. This 

is not physical and may indicate a software problem to follow the diffusion path, which means that 

too little statistics are available. By visualizing the actual diffusion path, the C atom seems to return 

to the starting point. This is problematic for the algorithm behind the AAD program which gives 

out a decreasing displacement. This problem only arises in four of the simulations with just one 

solute atom. The more atoms are in the systems the better are the statistics to avoid such problems. 

By using a shorter time range for the MSD analysis in the particular simulations, the problem can 

be solved.   

Based on this observations it was reasonable to use only the simulations with 10 at.% alloying 

content for setting up the kinetic database since they deliver more reliable results. 

 

7.3.2 Change of cut off energy and smearing 

As has been shown before, the results for diffusion of alloying elements whose concentration is less 

than 1 at.% are statistically less reliable. The simulations are based on the Co-W system with less 

than 1 at.% W. So the results of the W diffusion are questionable especially since only 10.000 

timesteps could be used which in total reduces the statistics compared to a simulation with ~20.000 
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timesteps. Therefore the diffusion of Co should be mainly considered to discuss the effect of the 

modified input variables. The statistics behind Co should give more reliable and reproducible 

results which is necessary if one wants to compare the results from those similar simulations. In the 

future it would be interesting to perform this kind of test on other systems. The systems with an 

alloying element content of 10 at.% should give better statistics for the alloying element diffusion. 

A change in the cut off energy induces only a slight difference of ~2% for the Co self-diffusion. 

Due to the increased computation demand the simulation time has increased by 35% for 10.000 

timesteps. Concluding from this, it is not practical to increase the cut off energy on a general basis 

for this kind of AIMD simulations.   

The change in the type of smearing shows an inconsistent picture. For 1903 K the difference for Co 

is a by 43% increased diffusion speed by the Gaussian smearing. At 2103 K this difference is 

reduced to a by 9% reduced Co diffusion speed with the Gaussian smearing compared to the Fermi 

smearing. If one further consider W, the result is similar for both tests. The Gaussian smearing 

shows an 2.3-2.5 increased diffusion speed for W.   

In contrast to the Gaussian smearing, the Fermi smearing is considering the electronic temperature 

in terms of entropy. So far no method is available to capture the magnetic influences for the 

entropy. The idea behind this comparison is to see if the difference between the Gaussian and the 

Fermi smearing can indicate how big the magnetic influence on the entropy could be. But based on 

this results no clear statement about the significance of changing the smearing for the diffusion 

values is possible. The results for the Co diffusion are inconsistent and the results for W are in 

general less reliable because of the low statistics behind it. In general more tests are necessary to 

see how the differences between Co are developing and further the configurations with 10 at.% 

alloying content could give better results for the alloying element.   

 

7.3.3 Temperature control 

The shown temperature fluctuations using a Nosé-thermostat are representative for all performed 

simulations.   

In the same way as mentioned in Chapter 7.3.2 the more trustworthy results can be obtained by 

looking at the Co diffusion. Looking at the temperature control using the rescaled velocities and the 

Nosé-thermostat only a difference by ~2.5% is observable for the Co diffusion. This implies that 

the large temperature fluctuations from using a Nosé-thermostat are not considerably influencing 

the diffusion results (using the mean square displacement approach to obtain the diffusion 

coefficients). 

Therefore it is necessary to think about the fluctuations. 58.2% of the temperature values are in a 

range of ±100 K around the determined value of 1903 K. Looking further 85.9% are in between the 

range of 1700 K and 2100 K. The next temperature for which simulations are done is 2103 K and 

the fluctuations for this temperature are in the same range as for 1903 K. This indicates that the 
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fluctuations for the different simulation temperatures can overlap with each other.   

To avoid this the spacing for the simulation temperatures should be chosen bigger. Further the 

choice of a different thermostat or multiple Nosé thermostats could be interesting to see how the 

fluctuations behave.  

The SMASS value is the only factor to influence the Nosé-thermostat. The change of the SMASS 

to a value of 270 is reducing the spread (amplitude) of the temperature fluctuations. The initial start 

simulation has been performed with a non-optimised SMASS value of 6. The SMASS value of 6 

gives a mean temperature of ±15 K off the determined temperature. The change in SMASS is 

narrowing down the fluctuations. Therefore a different, narrower mean temperature is resulting. 

The mean temperature for simulations with SMASS 270 is ±2 K of the determined temperature. 

This difference in the mean temperatures leads to the slightly increasing temperature which is 

visible in Figure 5.3. 

 

7.3.4 Structure of the liquid  

The radial distribution function (RDF) and the bond angle distribution (BAD) can be used to 

analyse the atomic structure within the liquid.   

The RDF is useful to investigate the behaviour of the simulations where the alloying elements are 

initially placed as clusters. Depending on the system the clusters are spreading out at different 

rates.  

The W cluster within the Co-W system is dissolving slowest and a dependence of the dissolution 

on the temperature is observable. After 15.000 timesteps the amplitude of first RDF peak shrinks 

close to the amplitude of the maximum timestep at 1903 K. But comparing the amplitude after 

20.000 timesteps with the simulation without a W cluster it can be seen that minimal amplitude is 

not fully reached. This indicates that even after 20.000 timesteps some minimal bonding between 

solute atoms is left. At 2103 K the dissolution speeds up and the amplitude of the peak shrinks 

close to the minimal amplitude size after 13000 timesteps. The fastest dissolution after 7000 

timesteps is reached at 2303 K. This can be an indication of bonding between the solute atoms 

within this system. Higher temperatures provide more energy and the bonds are easier to dissolve. 

This is also indicated by the temperature dependence of the first-peak disappearance. The slower 

breaking of the solute-solute bonds at lower temperatures might influence the diffusion. It could be 

an explanation for the slower W diffusion (by 30%) at 1723 K compared to the simulation where 

the W was initially spread out. At higher temperatures (2300 K) the difference in the W diffusion 

between both simulations gets small (9%).  

For the Co-Ti system the dissolution is faster compared to the Co-W system and only a small 

temperature dependence is noticeable. The disappearance of the first peak is observed after 7000 

timesteps at 1903 K. At 2103 K the dissolution happens after ~6000 timesteps and for 2303 K after 

5000 timesteps. Based on this information one can conclude that no formation of strong bonds is 
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detected for the Ti cluster. The diffusion of Ti seems not to be influenced by solute-solute bonding. 

Though the difference in the Ti diffusion coefficient values is only around 6% for cluster 

configuration and the configuration with initially spread out Ti atoms.   

Looking at the Co-C system, the RDF gives the indication that bonding is existing for C. During a 

visualization of the simulations at 1903 K it is noticeable that C has the tendency to form bonds 

between two C atoms (atomic distance of 1.45 Å to the nearest neighbour C atom). The same is 

valid for 2103 K. The number of bonds which are formed is reduced after ~6000 timesteps. The 

tendency to from C bonds occurs only randomly at 2303 K. In the Co-C system without the cluster, 

for all three temperatures only randomly C-C bonds are formed.  

Further it is noticeable that for all three temperatures the cluster is dissolving very fast (within 100 

timesteps). At 1723 K the C diffusion in the cluster is twice as fast as compared to the 

configuration with the initial spread out C. This could indicate that Co is efficient in dissolving C 

which could be reasonable since Co is not known to be a strong carbide former.  

The results from the BAD are indicating that still some structure at close distance is remaining in 

the liquid phase. The BAD is similar for all three metallic elements (Co, W and Ti) and mostly 

independent of temperature. The preferred angles can vary within all three elements and 

temperatures. A maximum variation of 9° could be seen. For W a small peak is noticeable at ~150° 

and for Ti at ~82°. Peaks at ~60° and 109° are known for icosahedral structures which are 

recognized for metallic glasses. [59] The coordination numbers shown in Table 7.5 are in 

accordance with this. For C one peak at 82° and another at ~130° can be seen. Also taking into 

account the C coordination number of 6 a trigonal prismatic structure is possible. Such structures 

are known to have the angels of 81.8° and 120° [60] and 82° and 136°. [61] 

 

Table 7.5; Distribution of the Coordination numbers according to the peak values of the BAD’s  

T [K] W Co Ti Co C Co 

1903 15 13 15 13 6 13 

2103 14 13 15 12/13 7 13 

2303 15 13 15 12 6 13 

 

7.3.5 Diffusion in the liquid Co matrix 

For solid systems it is reported [12] that light elements diffuse faster compared to heavy elements 

which can be, in general, confirmed by the obtained results. A general overview about the diffusion 

data is given in the following and the more specific discussion will be done in  

Chapter 7.3.6.  

The diffusion of W, as the heaviest element, is the slowest among other atomic species in the liquid 
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Co matrix. The Co diffusion is twice as fast as W at 1723 K and the difference decreases to a 1.3 

times slower W diffusion at 2300 K. Considering the diffusivities of Co and Ti only a small 

difference is noticeable. At 1723 K Co is diffusing 1.35 times faster compared to Ti but at 2300 K 

both elements have an equal diffusion coefficient.   

The non-metallic and much lighter elements C and N are both diffusing more than twice as fast as 

Co. For the binary Co-C system and high temperatures the C diffusivity is up to 4 times faster than 

the fastest metallic element. The activation energy is high for carbon whereas the temperature is 

influencing the diffusion significantly. At temperatures greater than 1850 K the C diffusion starts to 

significantly accelerate compared to the other systems.   

Another trend is visible where the alloying element is influencing the diffusion coefficient of the 

liquid Co matrix. W tends to slow down the Co diffusion compared to the value of the Co  

self-diffusion. Ti, N and C are increasing the diffusion coefficient of liquid Co. A similar 

observation could be made from the results obtained by Allibert et al. [51]. It was proposed that the 

dissolution of WC is controlled by one element which, in this case, is W.  

Looking at the values of the atomic displacement, which are exemplary shown for one W atom in 

the liquid Co matrix, good results are obtained compared to the literature values for diffusion in 

liquid Fe and Ge.   

The data from Chapter 3.4 give, for 1903 K, a W displacement of 5.7 Å during 20 ps in liquid Fe. 

[28] The W displacement in liquid Co is 6.2 Å for the same time and temperature. The overall total 

atomic travel distance for W in liquid Fe is 22 Å which is smaller than the value for W in liquid Co 

(71 Å). The displacement for liquid Ge within 1 ps is between 2.7 Å and 3.2 Å for temperatures in 

the range from 1250 K to 2000 K. [29] For the same time of 1 ps the W displacement in liquid Co 

at 1903 K is 2.2 Å which shows that the values obtained by this work are comparable to other 

systems.   

Further the values calculated in this work can be related to the cell size and the effect of different 

temperatures. For 20 ps and 1903 K the W displacement is 6.2 Å and the overall atomic travel 

distance is 71 Å. At 2303 K the W displacement is increased to 9.2 Å and the overall atomic travel 

distance is increased to 84 Å. Compared to the cell size with a cube side length of ~11 Å and a 

volume of ~1450 Å³ these results seem to be in a reasonable scale.   

 

7.3.6 Diffusion in Binary and Multicomponent systems 

The diffusion coefficient values from the multicomponent diffusion simulations are, in general, in 

good agreement with the simulations for the binary systems from Chapter 6.2.   

Those simulations already showed that the four elements have different diffusion characteristics. 

This behaviour could be reproduced in the diffusion simulation of Co alloyed with three alloying 

elements W, Ti and C.   

The simulation with 10 at.% W, Ti and 5 at.% C has been performed without any problems and 
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gives the most reliable values for the multicomponent systems. The simulation for less than 1 at.% 

alloying content got an unreliable value for the C diffusion. The Ti diffusion is in the same way 

unreliable due to the negative activation energy obtained in the simulation with 10 at.% alloying for 

all alloying elements content as already discussed in Chapter 7.3.1.   

The diffusion coefficients of the metallic elements are in good agreement for the binary and 

multicomponent systems.   

The diffusion of Co from the multicomponent systems is about the value for the Co self-diffusion 

at 1723 K. As can be seen from Table 7.6 it is slightly increased for 2300 K.    

No further tendency can be seen to influence the diffusion of Co in the Co matrix by the alloying 

elements. But it is possible that the effects of decreasing or increasing the diffusion are cancelling 

out each other. Different effects of W, Ti and C are described in Chapter 7.3.5. Taking the average 

values for the diffusion of the Co matrix within the binary systems will cancel out the effect of 

different elements. At 1723 K no difference between the binary and the multicomponent systems is 

visible anymore. Looking at Table 7.6 it is shown that the Co matrix diffusion in the binary 

systems is increased at 2300 K compared to the Co self-diffusion. This tendency can also be seen 

for the Co matrix diffusion in the multicomponent systems as shown in Table 7.6. 

 

Table 7.6; Self-diffusion of liquid Co compared with the averages for Co from the multicomponent and binary systems 

 

T [K] 

  [10-9 m²/s] 

 

Self-diffusion 

Average for the Co matrix diffusion 

Multicomponent system Binary systems 

1723 3.04 3.04 3.04 

2300 7.38 7.7 8.8 

 

The W diffusion is the slowest, both for the binary and multicomponent systems. At 1723 K the 

diffusion of W is 1.6 times decreased for the multicomponent systems and at 2300 K nearly equal 

to the W diffusion in the binary system.   

The Co diffusion in the multicomponent systems is at 1723 K 2.5 times faster than the W diffusion 

and 1.4 times faster than the Ti diffusion. The difference becomes less at 2300 K where Co is only 

1.5 times faster than W and equally fast compared to Ti. The Co diffusion in the binary systems is 

comparable to the multicomponent systems. At 1723 K Co diffuses 1.5 times faster compared to W 

and Ti whereas the diffusion is only 1.3 times faster for W at 2300 K and equally fast compared to 

Ti.  

The diffusion of C within the multicomponent systems is still fastest among all the considered 
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elements. At both temperatures C diffuses ~2 times faster than the fastest metallic element. 

Compared to the binary Co-C systems the C diffusion at 1723 K is, on average, 1.7 times faster in 

the multicomponent systems. But at 2300 K the C diffusion in the multicomponent systems is 

slows down to a half compared to the simulations in the binary Co-C system.  

Including the RDF’s into the consideration it can be seen that C tends to form bonds with W and 

Ti. Figure 7.2 shows the RDF for 10 at.% W, Ti 5 at.% C at 1903 K related to C as reference 

atoms. Similar RDF’s can be obtained for the other two multicomponent systems and all 

temperatures. Figure 7.2 a) shows the normal RDF. The first peak of the nearest neighbour atoms 

shows that W, Ti and Co tend to be close to C. The W atoms are the most prominent atoms close to 

C which indicates the strongest tendency to from bonds. Since there are 81 Co atoms in the system, 

as compared to 11 W or Ti atoms, the probability is higher to find a Co atom around a C atom. The 

integrated RDF in Figure 7.2 b) shows with the light blue line the RDF of Co reduced to an equal 

ratio to W and Ti. This is not exactly representative of a system with this amount of Co. Anyhow it 

shows that, with such a simple assumption, W and Ti can be identified as the elements with the 

stronger affinity for C compared with Co. 

 

 

Figure 7.2; RDF related to C as reference atom for 10 at % W,Ti 5 at % C, a) normal RDF and b) integrated RDF 

 

Ongoing from the strong bonding behaviour of C it is reasonable that the C diffusion coefficient in 

the multicomponent system is reduced by a factor of two (at 2300 K) compared to the diffusion in 

the binary Co-C system. Anyhow at low temperatures (~1800 K) the C diffusion is equal for the 

binary and multicomponent systems. Below this temperature the C diffusion is faster in the 

multicomponent systems which is contradicting to the assumption that the C bonding slows down 

the C diffusion. Other effects due to interactions between the elements could influence the C 

diffusion at lower temperatures. No conclusion about the bonding mechanisms can be made from 

the results obtained in this work. The dependence of the activation energies on the bond formation 
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is, not detected, which does not allow to evaluate how the diffusion is influenced by the bond 

formation. This needs to be further investigated for alloying elements in a liquid Co matrix.  

From Allibert et al. [51] the diffusion in the case of the dissolution of WC was measured. Their 

value is in the same order as the “normal” W diffusion obtained in this work. Based on this, one 

can assume that the diffusion of W-C and Ti-C should not differ significantly. The diffusion 

coefficient for W in the multicomponent systems is 1.6 times smaller compared to the binary Co-W 

system. At 2300 K only a small reduction in W diffusion is noticeable. No reduction in the Ti 

diffusion can be observed at 1723 K, but at 2300 K a small reduction for the Ti diffusion in the 

multicomponent systems is observable. One reason for the deviations between the different 

simulations could be the introduction of another thermally activated process of the bond forming 

and bond breaking with probably higher activations energies (due to higher melting points and 

nucleation difficulties).   
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8.  Conclusion 

In the present work the Ab initio molecular dynamical (AIMD) approach has been used to calculate 

the self-diffusion coefficient of liquid Co, as well as the diffusion coefficients for W, Ti, C and N 

alloying elements in the liquid Co binder phase of sintered cemented carbides.   

 The results for the diffusion coefficients are in good agreement with the available literature 

data (self-diffusion of liquid Co and interdiffusion of W in liquid Co). 

 AIMD simulations can be considered as feasible technique for diffusion calculations 

regarding the liquid Co binder phase; although the comparison with literature data is 

problematic for systems with Ti, C and N in liquid Co because the experimental data are 

scarce. 

 Weaknesses in the AIMD approach are due to the trade-off between the high demand in 

computational power (time and cost) and the accuracy of the simulations. This limits the 

system size to small supercells even though computer cluster systems are available. 

The initial set aims could be successfully realized within this work. 

 The diffusion coefficients form the AIMD simulations are supposed to improve the kinetic 

databases for a simulation software like DICTRA. The gradients predicted based on the 

values of the diffusion coefficients obtained from this work are much larger than the 

experimentally obtained gradients. This could indicate that the chosen labyrinth factor of     for the DICTRA simulations is not suitable for the optimized mobility values. 

Further simulations with an adjusted labyrinth factor of      have to be performed. 

 The gradient prediction and the diffusion values which are in good agreement compared to 

the literature show that the connection of AIMD and DICTRA simulations can successfully 

be used for a multiscale modelling approach. Anyhow one need to wait for the DICTRA 

simulations with the adjusted labyrinth factor to give a final conclusion.  

 The AIMD simulations provide information for a better understanding of diffusion in a 

liquid metal system. The solute-solute bond formation which is influencing the diffusion, 

the behaviour of atomic clusters and the local atomic structure of the liquid have been 

investigated. 

The evaluation of the diffusion for the alloying elements within the liquid Co binder phase for 

cemented carbide systems is given in the following. The values are given for the industrial 

interesting sintering temperature of 1723 K. 

 Co diffuses 1.5 (binary) to 2.5 (multicomponent) times faster than W. 

 Co has a ~1.5 times faster diffusion compared to Ti.  

 The C and N diffusion is the fastest with a ~2 times faster diffusion than Co. 
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Observations which could be made for the binary diffusion systems. 

 The C diffusion in the binary Co-C systems shows a significantly faster diffusion than the 

metallic elements at elevated temperatures (~2300 K).  

 The addition of alloying elements is influencing the diffusion of the liquid Co binder phase 

(decreasing for W, increasing for Ti, C and N). 

 The initial placed W cluster is at 1903 K nearly dissolved after 40 ps which was the total 

simulation time for this system. This is much slower compared to the dissolution of the Ti 

and C clusters. This is attributed to the strong bonding between the W atoms within the W 

cluster. Increased temperatures can increase the speed of the dissolution. Ti and C clusters 

show no indication for bonding within the cluster. The C cluster within the liquid Co 

matrix is dissolved within 0.2 ps which is on the other hand significantly faster than the 

dissolution for W or Ti. This is might attributed to the low tendencies of Co to form 

carbides.  

Observations for the multicomponent diffusion systems. 

 The simulations for the multicomponent systems show that the effects of alloying elements 

on the Co matrix are cancelling out each other.  

 The RDF for the multicomponent systems are indicating a strong affinity for C to form 

bonds with W and Ti. This can explain the reduced C diffusion in the multicomponent 

systems compared to the binary Co-C system. 

The results obtained in this work allows to make the following recommendations to increase the 

accuracy and usefulness of the calculations. 

 The addition of a fourth temperature in the set up would be feasible to improve the 

statistics. 

 Increasing the supercell would give better statistics and could give more freedom to 

investigate the composition-depended diffusion of the alloying elements. 

 To make the kinetic databases more accurate the composition dependence needs to be 

further investigated.  

 Additional simulations for other relevant elements (Nb, Ta and Cr) are needed to improve 

the kinetic database for cemented carbide production. 

 The possibility of predicting interactions between atoms in the multicomponent simulations 

should be extended to different elements and varying alloy compositions.  
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11 Appendices 

Appendix 1, Arrhenius plots for W in liquid Co 
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Appendix 2, Arrhenius plots for Ti in liquid Co 
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Appendix 3, Arrhenius plots for C in liquid Co 

 

 

 

 

 

                                 

 

                                    

 

Appendix 4, Arrhenius plots for N in liquid Co 
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Appendix 5-7, Arrhenius plots for the multicomponent diffusion 
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Appendix 7 
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