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Abstract 

The development of alternative binder systems for tungsten carbide (WC) based cemented 

carbides has again become of relevance due to possible changes in EU regulations regarding 

the use of Cobalt (Co). A framework for the ICME (Integrated Computational Materials 

Engineering) based Materials Design is presented to accelerate the development of alternative 

binder systems.  

Part one of this work deals with the design of the cemented carbide composite hardness. It 

has been shown that the intrinsic binder hardness is comparable to a bulk metal alloy and that 

based on the binder solubilities a solid solution strengthening model developed in this work 

can be employed. Using a method presented in this work the non-equilibrium, frozen-in 

binder solubilities can be obtained. Both the design of the binder phase and composite 

hardness is presented based on a general Materials Design approach.   

Part two deals with a multiscale approach to model the surface gradient formation. The 

experimentally missing data on liquid binder diffusion has been calculated using AIMD (Ab 

initio Molecular Dynamics). The diffusion through the liquid cemented carbide binder has to 

be reduced to an effective diffusion value due to the solid carbides acting as obstacles that 

increase the diffusion path. The geometrical reduction of the diffusion has been investigated 

experimentally using the SIMS (secondary ion mass spectroscopy) technique in WC-Nickel-

58Nickel diffusion couples. The geometrical contribution of the so-called labyrinth factor has 

been proven by the combination of the experiments and in conjunction with DICTRA 

simulations using the precise liquid AIMD diffusivities. Unfortunately, despite the improved 

kinetic database and the geometrical diffusion reduction, the surface gradient formation 

cannot be explained satisfactory in complex cemented carbide grades. Additional, but so far 

unidentified, contributions have to be considered to predict the surface gradient thickness.  

         

Keywords: Cemented carbide, ICME, Materials Design, alternative binder, hardness, AIMD, 

liquid diffusion, frozen-in solubilities, DICTRA, surface gradients, labyrinth factor 

  



 
 

Sammanfattning 

Utvecklingen av alternativa bindefassystem för volframkarbid (WC) baserade hårdmetaller 

har återigen blivit relevant på grund av eventuella ändringar i EU:s föreskrifter om 

användningen av kobolt (Co). Ett ramverk för ICME (Integrated Computational Materials 

Engineering) -baserad Materialdesign har utvecklats för att påskynda utvecklingen av 

alternativa bindefassystem.     

Föreliggande arbete behandlar särskilt design av hårdheten hos hårdmetall ur ett 

kompositperspektiv. Det har visats att bindefasens hårdhet är jämförbar med en motsvarande 

legering utan karbider och, baserat på lösligheten i bindefasen, kan den modell för 

lösningshärdning som utvecklas i detta arbete användas. En metod presenteras för att beräkna 

icke-jämvikts-, dvs. infrusna, bindefaslösligheter med användning av DICTRA-koden. 

Utformningen av bindefasens och kompositens hårdhet baseras på generella begrepp inom 

materialdesign.     

Förutom hårdheten har strukturgradienter i ytan undersökts och ett multiskalförfarande har 

presenterats. Diffusionsdata för den smälta bindefasen saknas experimentellt och beräknas 

därför med hjälp av AIMD (Ab initio Molecular Dynamics). I praktiken kommer diffusionen 

i den smälta bindefasen att reduceras till ett effektivt värde på grund av den höga fraktionen 

fasta karbider som hindrar diffusionen. Denna reduktion har undersökts experimentellt med 

användning av SIMS (sekundär jonmasspektroskopi) i WC-Nickel-58Nickel-diffusionspar. 

Den så kallade labyrintfaktorns geometriska bidrag har demonstrerats genom kombinationen 

av experiment och DICTRA-simuleringar med användning av de AIMD-beräknade 

diffusiviteterna. Tyvärr kan inte den förbättrade kinetiska databasen och den framräknade 

labyrintfaktorn kvantitativt förklara gradientbildningen  tillfredsställande i komplexa 

hårdmetallsorter. Ytterligare, men hittills oidentifierade, bidrag måste beaktas för att kunna 

förutsäga ytzonens tjocklek.  
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1. Introduction 
 

The cemented carbide industry is facing a major challenge by potential restriction on the usage 

of Co as binder material that might come along with new EU legislations. [1] Since the official 

introduction of this materials class by Karl Schröter in 1923, the usage of Co as binder element 

has dominated the cemented carbide development.   

Looking back in history, Co quickly became the preferred choice of industry due to its 

excellent mechanical and processing properties. However, the Co crisis in the late 1970’s led 

to a drastic price increase [2] for the raw material and a commercial interest in alternative 

binder systems and new research efforts. In the 1980’s Prakash [3] did extensive research on 

Fe-Ni(-Co) binder systems and reported that he found comparable properties to Co binders at 

that time. The impact on the general cemented carbide industry was apparently not very large 

as, to the author’s knowledge, the only commercial successful application of those alternative 

binder systems can be found in extreme environments [4, 5] but not as a replacement for Co 

in general. The intensive and steadily improved, but very specialized, research over the last 

decades (development of general models, surface gradients and coatings, submicron grainsize 

and grain growth inhibitors) has been done for Co binders as industrial standard. Looking into 

alternative binder systems, it is not likely that all the knowledge, related to Co binders, can 

be transferred directly to other binders. Additional research might be necessary for example 

to understand the difference in coating adhesion behaviour [6].  

The potential enforced restriction by the EU legislations awakens a new industrial interest in 

alternative binder systems. Classical trial-and-error materials development, to reach a product 

maturity that catches up with the performance of Co-based cemented carbide systems, may 

take up to 20 years [7, 8] which is setting the industries under additional pressure. The most 

recent attempt to address the long time frames needed to develop new materials, is the 

Materials Genome initiative, launched by the President of the USA, Barack Obama in 2011. 

The major ambitions are to drastically reduce the development time and costs for new 

materials. The ICME (Integrated Computational Materials Engineering) approach is a key 

element to achieve that ambitious goal, centering the materials development on a software 

supported virtual materials development. Using ICME in connection with the so-called 

Materials Design concept led to a first success case when a new landing gear steel [9] was 

developed in 2010. This novel way of developing a new material was a great success 
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compared to the classical trial-and-error approach because the concept to flight approval time 

is only ~10 years. The apparent challenge of finding a suitable alternative to Co offers a good 

framework to test the potential of the Materials Design methodologies. 

 

1.1 Aim 
 

This work aims to provide a general Materials Design framework to develop tailor-made 

alternative binder systems in cemented carbides. Part of this work is dedicated to identify the 

crucial parameters and properties along the process-structure-property-performance chain 

that allow a better understanding of the individual interactions. Such an understanding will 

enable the integration of already available tools or identify the need to develop new tools that 

can predict the properties and eventually the performance of an alternative binder. This can 

lead to reductions in development time and costs.    

Combining the Materials Design concept with the possibilities the ICME approach offers is a 

natural step. As a result, the Thermo-Calc and DICTRA software package [10] are the central 

software employed in this work and most of the models are linked to them in one way or 

another. The central aspect for the modeling is to gain a deeper understanding on how the 

binder influences the cemented carbide performance by altering certain properties. 

Besides the general focus on addressing universal cemented carbide properties like the 

hardness and its dependence on the binder phase, the special need for metal cutting tools will 

be considered. One structural feature of relevance for the metal cutting tools are surface 

gradients in conjunction with hard coatings and one main aspect that will be addressed is the 

kinetic aspect of the structural evolution of the gradients.      
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2. Cemented Carbides 
 

Cemented carbides are composite materials with one or two hard phases that are embedded 

in a ductile metallic binder phase (Fig. 2.1). In industrial metal cutting applications the 

primary hard phase is usually hexagonal WC (tungsten-carbide) and often a secondary hard 

phase of cubic carbides or carbonitrides is used [11]. The former is often called the α phase 

while the latter is called the γ phase. The aforementioned metallic binder phase, often referred 

to as the β phase, providing the toughness to the compound, is usually Co but other elements 

such as Fe or Ni are most commonly recognised as potential alternative binder materials. [12, 

13, 14]  

 

Figure 2.1. Cemented carbide composite microstructure with WC as hardphase embedded into the 

binder phase. 

 

Starting with raw material powders that are mixed, milled and pressed into their green shape 

(i.e. cutting inserts), cemented carbides are produced by a powder metallurgical processing 
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route utilizing liquid-phase sintering [15]. During the heating a rearrangement of the 

microstructure occurs, leading already in the solid state to increased contact between the 

carbides and to shrinkage of the system [16]. The binder will spread onto the carbides 

(wetting) and increase the homogenous distribution of the binder on the carbide surfaces 

improving the sintering [16]. Sufficient wetting can be achieved not only for Co but also for 

alternative binders like Ni and Fe [17]. The final consolidation to a fully dense material 

usually happens at temperatures where the binder is molten and the capillary forces pull the 

WC particles together [16]. Depending on the liquid fraction, the full densification may 

require pressure sintering to avoid residual porosity. The dissolution of small WC particles 

and consequent re-precipitation on larger WC particles during the liquid-phase sintering leads 

to coarsening of the microstructure [16]. Although such coarsening is sometimes beneficial, 

it should be minimized in most cases. The final grain size of the sintered cemented carbides 

depends on the initial WC powder size distribution (i.e. obtained by milling), and on the 

sintering time and temperature. So-called grain-growth inhibitors (GGI), such as Cr, form thin 

atomic layers on the WC grains [18] and may be used to prohibit the grain growth. 

a)     b) 

 

Figure 2.2. Vertical section of the WC-10wt%Co phase diagram a) and a temperature projection in the 

W-Ni-Fe-C phase diagram b) calculated with TCFE7 [19] (Figures taken from conference paper a).   

 

The control of the C-activity is of high importance to avoid the precipitation of undesired 

phases such as the η-phase or free graphite due to too low or too high C content, respectively. 

The range of C content leading to the desired phases is often called the C-window. Fig. 2.2 a) 

shows an isoplethal in the WC-Co system illustrating the stable equilibrium phases and the 

narrow window of the desired WC and binder phase. The width of the C-window also depends 
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on the chosen binder element and it has been shown [20] that the C-window for Fe-based 

binders are narrower compared to Co- or Ni-based binders as can be seen in Fig. 2.2 b). 

The availability of experimental data for alternative binder systems is an advantage for the 

model development as the data can be used to access necessary input parameters. The Ni-Fe 

based system is the most extensively investigated system and therefore the most suited system 

for the start of the modeling. Regarding practical applications, Toller et al. [6] have recently 

investigated the performance of a WC-85Ni15Fe cemented carbide in state-of-the-art metal 

turning, showing a 15% lower tool lifetime when compared to a Co-based cemented carbide. 

The alternative binder has not been designed in any specific way for optimal performance and 

it was shown [6] that it is not the general bulk properties but eventually the coating adhesion 

that is the major cause of the lower performance.  

 

2.1 Cemented carbide composite hardness  
 

The two major properties that have been used for the performance optimization of cemented 

carbides are the hardness and fracture toughness. The hardness is a general indicator for the 

wear resistance and emerges from the hard carbides while the fracture toughness is the result 

of a ductile metallic binder phase. The existing models and established understanding is 

mostly limited to classical Co binder systems as the alternative binders have not been in the 

focus of the general cemented carbide research interest. Regarding the mechanical properties, 

the design of the composite hardness is in focus of this work and will be presented in Chapter 

4.1. 

Owing its composite structure to both hard and soft phases, the properties can easily be 

adjusted by variation of the phase fractions, where lower binder contents lead to higher 

hardness but lower toughness. A more general method to obtain the composite properties is 

based on theoretical approaches for effective property models [21]. The intrinsic hardness of 

both phases are the limits in which the hardness may vary – in the simplest case the rule of 

mixture is used or more complex theoretical approaches like the Hashin-Shriktman bounds 

[21]. In the range of industrial relevant cemented carbides, the WC phase is the major phase 

and more specific models have evolved. The contribution of the WC carbide hardness is often 

described by a Hall-Petch relation as it is commonly seen that the composite hardness 
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increases when the WC grain size decreases. Functional cemented carbide hardness models 

[22, 23, 24] exist since the late 1970’s and use the relation of WC grain size and the phase 

fractions to model the composite hardness. The proposed model by Engqvist et al. [24] is the 

most interesting among the existing cemented carbide hardness models as it only requires the 

WC grain size and binder fraction as input parameters. Both parameters can be predicted by 

models prior to production, making the Engqvist hardness model a suitable tool for the design 

process [25]. Other models require the contiguity (a measure of the amount of carbide-carbide 

contact) which has to be measured on the real microstructure. As briefly explained in paper 

IV, the use of software generated microstructures may give an access to the property in the 

future but for now the Engqvist model (Eq. 2.1) is the model of choice to predict the cemented 

carbide composite hardness 𝐻𝐶𝐶. 

𝐻𝐶𝐶 = (𝐻𝑊𝐶 − 𝐻𝐶𝑜)𝑒−𝜆 𝑘⁄ + 𝐻𝐶𝑜                                                    (2.1) 

Here 𝐻𝑊𝐶  is the WC carbide hardness, 𝐻𝐶𝑜 is the hardness of the binder and 𝜆 its mean free 

path that may be regarded as the average binder thickness between WC grains. The hardening 

range factor 𝑘 is a parameter with the dimension of length. 𝐻𝑊𝐶  is described by a Hall-Petch 

relation giving it a dependence on the WC grain size d as 

𝐻𝑊𝐶 = 693 +
2680

√2.1 + 𝑑
                                                     (2.2) 

𝜆 is estimated from both the volume fraction of the binder, 𝑉𝐶𝑜, and d according to 

𝜆 =
𝑑 𝑉𝐶𝑜

1 − 𝑉𝐶𝑜
                                                                            (2.3) 

Large WC grains and high binder fractions correspond to WC grains that are surrounded by 

a (significant) binder layer hence resulting in tougher materials. Small grains and a low binder 

fraction would correspond to a microstructure with many carbides in contact with each other 

resulting in a high hardness.  

The hardness model was developed for Co based cemented carbide systems and the 𝑘 

parameter as well as the binder hardness are system specific for Co based binders. The 

modifications needed to make the model applicable to alternative binder systems will be 

presented in Chapter 4.1.3.   
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Considering the practical application for metal cutting tools, it has to be noted that knowledge 

about high temperature properties would often be necessary to make more conclusive 

decisions regarding the materials optimization. It has been shown [26, 27] that the temperature 

in the cutting edge may reach up to 800 °C and thus the room temperature properties are 

potentially not the ideal targets for the design of the cemented carbide performance. The 

temperature dependent binder hardness (applying a multicomponent solid solution 

strengthening model for bulk metals [28]) has been addressed in paper III but the 

implementation towards the cemented carbide composite hardness has not been within the 

scope of this work but is of relevance for future work.  

 

2.2 Surface gradients 
 

The use of coated cemented carbide cutting tools has significantly increased the tool-lifetime 

compared to uncoated tools [29, 30]. To increase the high temperature strength the gamma-

phase 𝛾, e.g. (Ti,Ta,Nb,W)(C,N), is used as a second hard-phase in addition to the WC 

particles. Due to the higher hardness of the 𝛾 phase compared to WC the bulk cemented 

carbide is much harder but more brittle than a straight WC-binder cemented carbide [31]. 

 

Figure 2.3. Functionally graded cemented carbide wit 𝛾 phase free surface layer [30]. 
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Surface gradients (Fig. 2.3) are an important modification of the cemented carbide 

microstructure in combination with coatings. During the cooling, after the CVD coating 

process, cracks may propagate from the coating into the bulk material. This is caused by the 

different thermal expansion coefficients in the coating and the bulk cemented carbide [32, 33, 

34, 35]. Creating a tougher surface region in the bulk cemented carbide, which is in contact 

with the coating, may prevent crack propagation into the bulk material. The toughened surface 

region is usually created by a process called gradient sintering where the cubic-carbonitrides 

will dissolve in the surface region (Fig. 2.4). During the vacuum sintering N (Nitrogen) 

diffuses outwards of the bulk material into the furnace atmosphere. Because of the high 

affinity between Ti (Titanium) and N, a driving force for diffusion is created. This leads to 

dissolution of the 𝛾 phase and Ti diffusion towards regions of high N concentration in the 

bulk. At the same time the binder content is enriched at the surface, leading together with the 

𝛾 phase dissolution to the tougher surface region [29, 35, 36]. 

 

Figure 2.4. Schematic illustration of the surface gradient formation. The coupled diffusion of N and 

Ti is shown by the arrows indicating the diffusion direction of N and Ti after Ref. [29]. 

  

Among the available solutions to predict the surface gradient formation [33, 35, 37] the 

approach using the DICTRA software [10] appears to be most interesting. The coupling of 

thermodynamic and kinetic databases allows a prediction of the gradient formation based on 

intrinsic material properties. Thus the method of prediction itself should become less 



9 
 

dependent on the choice of the binder element which is a valuable benefit when searching for 

alternative binder systems. The overall diffusion had to be reduced to an effective liquid 

diffusion value due to the carbides acting as obstacles leading to an increased diffusion 

distance and it thus appeared necessary [33, 35] to add a third component to the modeling of 

the gradient formation. It is assumed that the majority of the diffusion takes place in the liquid 

binder phase and because of this the so-called labyrinth factor was introduced having a 

dependence on the available binder volume.  

The general approach to model the surface gradient formation using DICTRA has been shown 

to be successful [33, 35] but the liquid diffusion values and the labyrinth factor give rise to 

uncertainties. The second focus in this work will deal with the improved liquid diffusivities 

for cemented carbide molten binders and the labyrinth factor will be revised.   
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3. A new approach for tailor-made materials 
 

3.1 ICME 
 

With increasing maturity and availability of computational tools the interest in ICME is 

growing both in academia and industry. The evolution of accurate thermodynamic databases 

within the CALPHAD community and commercial software solutions like Thermo-Calc have 

been the foundation for computationally aided materials development [38] already in the early 

1980’s. Continuous improvement of databases, integration of kinetics (DICTRA) and ab 

initio calculations based on DFT (VASP – Vienna Ab initio Simulation Package [39]), as well 

as the growth of a distinct scientific community, have eventually led to the establishment of 

the ICME approach. The Materials Genome initiative [7] increased further the worldwide 

activities related to ICME. To date, the research and general organization of ICME related 

research is mostly organized on a national level and a clear international organisation is 

unfortunately missing. The strong national initiatives [40, 41, 42, 43] and increasing 

international exchange do support the development of a new academic structure that impacts 

the university education and eventually the industrial R&D.     

 

Figure 3.1. Multiscale relations in cemented carbide systems investigated in this work. Image a) and 

b) from [44, 45] 
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ICME is a multiscale materials modeling approach (Fig 3.1). With the widespread 

implementation of quantum mechanical modeling, a wide range of tools that find applications 

from the atomistic to the macroscopic ranges are available [46]. The available models are 

often integrated into commercial software solutions [10, 39, 47, 48] which provide an easy 

access for the user. Ease of accessibility is one of the reasons for the growing popularity of 

computational materials modeling. However, differences in the software interfaces and 

missing standards make it challenging to integrate different models, which are required for a 

design task, into one master tool [46]. The design process often requires the use of specific 

models (i.e. from recently published results) that have not been implemented in any 

commercial software solution or the possibility to modify a model. It is a common approach 

to compile and integrate the needed tools into a general programming environment (e.g. 

MATLAB or FORTRAN). This allows an easy access to the models and provides an 

information flow between the models which is necessary for an efficient design.   

 

3.2 Linkage tools and input data 
  

The multiscale modeling is schematically shown in Fig. 3.1 and a brief outline of the well-

established methods used in this work will be given in the following section. Essentially the 

whole length scale has been investigated by either experimental or theoretical methods or 

both. 

Starting from the atomistic scale, the VASP software [39] was used to calculate the liquid 

diffusion coefficients for Co and Ni binder systems (paper V &VI). The simulations have 

been performed based on ab initio molecular dynamics (AIMD) which is a first-principles 

based modeling technique to study atomic motion at finite temperatures [49]. The forces that 

act on atoms in a supercell are calculated with DFT (density functional theory) based on 

quantum mechanics suggested in 1964 by Hohenberg and Kohn [50]. The initial 

simplification of the Born-Oppenheimer approximation decouples the movement of the 

atomic nuclei from the electrons and a second approximation is related to the electronic 

interactions, needed for the DFT calculations, which are described by so-called exchange-

correlation functionals [51]. The energy of an assemblage of atoms at certain positions can 

then be calculated as well as the actual force acting on each atom by application of the 
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Hellman-Feynman theorem [52]. By employing Newton’s second law, the acceleration of 

each atom at each time and position can be known and used for the numerical integration of 

the equations of motion that describe the moving atoms. This can be done using a so-called 

Verlet algorithm and gives the position of the atoms for each time-step according to the known 

accelerations and previous positions [49]. The atomic positions as function of the simulated 

time evolution can be used to obtain the atomic diffusion coefficients by tracking the atomic 

mean square displacement (MSD). The combination of DFT and MD has the advantage of a 

higher versatility towards the investigated systems as one is not dependent on interatomic 

potentials because the interatomic forces are determined directly from electronic structure 

calculations at the DFT level. The possibility to investigate a wide range of elements and even 

multicomponent systems comes with the cost of the size of the simulation cells that have to 

be smaller, and also the simulation times have to be shorter [53]. In spite of this, when 

carefully done, AIMD calculations produce more accurate data than the data obtained using 

empiric interatomic potentials [46]. 

Moving up along the length scale, experimental techniques (nano-indentations, atomic force 

microscopy (AFM) and focused ion beam (FIB) cross-sections) have been used to investigate 

the cemented carbide binder hardness in conjunction with the real three-dimensional binder 

morphology. The hardness measurement via nano-indentations is often applied to investigate 

the properties (elastic modulus & hardness) of small features like individual grains, lamellar 

structures or composite materials [54]. Using a depth controlled indentation mode it is 

possible to perform the indentations in micro-meter sized samples of cemented carbide 

binders. Experiments at this scale may involve so-called size effects that have to be considered 

for the comparison of nano to macroscopic hardness. The indentation size effect (ISE) [55] 

will be discussed in Chapter 4.1.2. In this work, high-resolution SEM has been used to 

measure the projected indentation area and the material pile-up has been investigated on 

selected indents by AFM. This experimental investigation has been necessary to confirm that 

the binder phase can be treated as a bulk alloy in terms of hardness.      

The CALPHAD-based length scale-bridging tools Thermo-Calc and DICTRA are important 

due to a variety of reasons for the design process. Besides experimental data, the databases 

also accept input data from DFT based methods on the atomic scale giving it a high versatility 

in the adjustment to the user specific design challenge. At the same time the output data for 

equilibrium phase-based properties (i.e. molar volumes, phase fractions and solubilities) is a 
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valuable property for higher scale models. Thermo-Calc provides the possibility to extrapolate 

the prediction of thermodynamic properties into systems that have not been specifically 

assessed. It is of great advantage to have a predictive tool when searching for alternative 

binder systems helping to design the alloy composition, for unexplored systems, that lead to 

optimized phase stabilities, volumes and solubilities. However, considering only equilibrium 

properties is often insufficient for the accurate design of materials. The DICTRA tool couples 

the thermodynamics with kinetics making it possible to operate in the non-equilibrium 

regime. The freezing-in of the binder solubilities during cooling at low temperatures and the 

surface gradient formation are investigated using DICTRA. The TCFE7 [19] thermodynamic 

database and a modified MOB2 [56] kinetic database have been employed for the simulations 

in this work. From the available Thermo-Calc databases the TCFE7 database is recommended 

for cemented carbide systems and for the research on Ni- and Fe-based alternative binder 

systems the TCFE7 database has been the best available choice. The DICTRA simulations to 

assess the binder solubilities (paper I) are performed with a modified MOB2 kinetic database 

whereas the relevant but missing solid Co diffusion has been added accordingly. The 

simulation of the surface gradient formation uses the liquid diffusion data calculated by 

AIMD (paper V & VI) which have been added to the modified MOB2 database. 

Besides software solutions, classical models give important input into the design process. As 

aforementioned the prediction of the binder hardness and the cemented carbide composite 

hardness is based on empirical models having their origin in the published literature [24, 57, 

58]. The models serve as the framework for further development into more specific tools that 

can be integrated in the design process. It is efficient to use the models as closely connected 

to the design process as possible and eventually create an interface that allows the transfer 

from one model (output) to another model (input). In this way, a classical model can be 

integrated in a fully computational solution allowing the investigation of the different 

variables that affect the design.   
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3.3 Materials Design 
 

 

Figure 3.2. Cohen’s design reciprocity illustrated after Ref. [59]. 

 

Besides the development of a versatile tool-box with strong computational support and 

accurate models on all length scales, the conceptual design philosophy is of great importance 

too. The pioneering work by Olson [59] on Materials Design offers a systematic approach on 

how the integration of modeling tools towards real material problems can be successfully 

done. One of the key concepts is the so-called Cohen’s reciprocity [60] describing a three-

link chain between the process-structure-properties-performance relation, see Fig 3.2. Along 

the four elements on the chain, the design parameters are implemented. Design parameters 

are related to each element, e.g. processing time and temperature belong to the first element 

(processing), whereas hardness or fracture toughness would belong to the property element. 

A so-called systems design chart (i.e. for a Ni turbine disk alloy [8] shown in Fig. 3.3) is used 

to visualize how the design parameters are connected with each other.  
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Figure 3.3. Simplified systems design chart for a Ni turbine disk alloy after Ref. [8]. 

 

Moving from process to performance (Discovery in Fig. 3.2) re-ensembles a classical trial-

and-error approach that is often employed in materials development. A different design 

philosophy comes into play when thinking about tailor-made materials where the application 

specific performance of a material is in focus when designing the material. When starting the 

design from the performance side one has to keep in mind how the properties, structure and 

process are interconnected with each other in order to reach the design goal. The so-called 

linkage tools [61] are the key to connect the elements of the three-link chain. These can be 

classified into three categories as shown in Fig. 3.4. 

 

Figure 3.4. Integration of the linkage-tools in the process-structure-property-performance relation. 
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Translators are for example connecting the property and structure element. A translator tool 

must be able to tell how a certain property can be achieved by a certain structure and vice 

versa. This link often continues directly to a creator as it might be important to consider how 

the structure, which is needed for a property, is created by a certain process. The choice of 

the linkage tools and a good understanding of the relation between the design parameters is 

important for a successful design. This will be demonstrated in more detail in Chapter 4 with 

the focus on how the Materials Design methodology can be employed for the development of 

cemented carbides with alternative binder systems. 

Genetic algorithms [61] and machine learning approaches are interesting options for future 

development. Automating the design and predicting the materials evolution can be used as a 

supplement to the human decision making process. This can even at some point replace parts 

or all human interaction in the design. It might be arguable how much the “artificial 

intelligence” of such algorithms has to be improved to be superior to an experienced materials 

design engineer, i.e. to investigate non-linear phenomena. Nevertheless, the option of 

screening the influence of a large composition and process range towards some properties 

could be automated to support the materials design engineer and would potentially 

compensate for lack of experience. This could make the design approach more accessible to 

a broader range of people and increase the overall interest in this novel approach of materials 

development.   

 

  



17 
 

4. Materials Design in cemented carbides 
 

As aforementioned, the three-link chain and the linkage tools have a central role in the design 

process. A systems design chart (Fig. 4.1) helps to identify the relations between the different 

design parameters and finally to choose the correct linkage tools. Many different design 

parameters could be identified to achieve certain design goals but eventually only certain 

parameters are of major impact to achieve the design goal. The so-called primary objectives 

in this work are the role of the binder phase on the cemented carbide hardness and the surface 

gradient formation. 

 

Figure 4.1. Systems design chart for cemented carbides with focus on metal cutting applications.   

 

The identification of the correct design parameters is an important step as the linkage models 

and the whole design will orient themselves with basis on the chosen parameters. Regarding 

the mechanical properties, both the hardness and hot hardness are chosen as primary 

objectives since both properties are relevant for the cemented carbide performance. As 
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presented in Chapter 2.1, the temperatures during cutting operations may reach values far 

above room temperature making the hot hardness potentially the more relevant choice to 

actually predict the performance for metal cutting. However, the hot hardness is much more 

difficult to obtain compared to room temperature hardness and, to the authors knowledge, 

currently no model is available to predict the cemented carbide hot hardness. The room 

temperature hardness is, on the other hand easily measurable and general models are 

available. The development of a new room temperature hardness model for alternative binder 

materials is in a first step easier to realize. Nevertheless, the hot hardness is one of the final 

design goals but only the second step in line and outside the scope of this work.  

Some of the tools to obtain relevant design parameters are already available such as a WC 

grain growth model [62] and can be integrated in the design process. The detailed work 

dealing with the specific development of the linkage tools for the hardness (translator) and 

surface gradients (creator) will be presented in the following Chapters 4.1 & 4.2. 
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4.1 Mechanical properties – Room temperature hardness 

 
The modeling of the cemented carbide composite hardness, with the main focus on the role 

of the metallic binder system, is shown schematically in a flow chart indicating the important 

relations between the individual contributions (Fig. 4.2). Compared to the original Engqvist 

hardness model, a more detailed description of the binder hardness is included. The binder 

chemistry and the resulting solid solution strengthening are used to calculate the binder 

hardness which will be explained in more detail. The changes to the cemented carbide 

hardness model are explained in detail in paper IV. This section will close with some 

discussion about the actual design possibilities that have been enabled by the results from this 

work. 

 

 

Figure 4.2. Design flow chart for the cemented carbide composite hardness prediction.   
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4.1.1 Binder chemistry and frozen-in binder solubilities 

 

The change in chemistry when replacing Co with an alternative will directly be translated into 

related binder properties. By replacing Co with a Ni binder it is obvious that, for example, the 

intrinsic element hardness 𝐻0 (Fig 4.2) will change also the binder hardness and thus influence 

the whole composite properties. Similarly the solid solution strengthening, by the dissolution 

of WC in the binder, will be affected by the binder system. It has been experimentally shown 

by Hellsing [63] and later on theoretically by Haglund et al. [64] that during cooling the binder 

solute content in Co increasingly deviates from the predictions based on equilibrium 

calculations. Fig. 4.3 a) shows the change in the W concentration profile in the binder with 

temperature calculated with DICTRA. The solubility in the bulk binder (at ~1 µm from the 

WC interface) freezes-in at around 1273 K while it could be observed that a W gradient 

concentration exists close to the WC interface. This is explained by the decreasing diffusion 

of W in the binder with decreasing temperature. W is consumed close to the interface region 

due to the growth of a thin layer of WC but with decreasing temperature only the W close to 

the interface has time to diffuse, leaving a concentration gradient of W in the binder. 

a) b) 

 

 

Figure 4.3. W binder solubility profile upon cooling in a Co based cemented carbide (temperatures in 

°C) a) and frozen-in solubilities for different binder systems with respect to C-activity. The Co 

equilibrium solubilities at 1000 °C are included for comparison [65]. 

 

The same method has been chosen to investigate the solubilities of W and C in alternative 

binder systems and to perform a study on a wider range of C-activities. The full C-window is 
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investigated and it is obvious from equilibrium calculations that the C-activity has a large 

effect on the binder solubilities. Fig. 4.3 b) shows the frozen-in solubility as a function of the 

C-activity for pure Co, Ni and Fe binders. For comparison the equilibrium solubilities for a 

Co binder at 1273 K are included. As can be seen, the binder solubilities depend strongly on 

the binder elements. The Co and Ni binders behave in a similar way as they, in general, 

dissolve significantly more W when compared to C. The Fe binder system behaves the 

opposite way and dissolves a significantly higher amount of C whereas the W solubility is 

lower. Generally, the solubilities appear to be stronger affected by the C-activity considering 

the kinetic effects leading to the frozen-in solubilities.   

a) b) 

 

Figure 4.4. Frozen-in solubilities with dependence on C-activity and Ni-Fe ratio. 

 

Making use of the computational approach, not being limited to a small number of 

experimental alloys, the W and C solubilities are mapped out for the whole Ni-Fe alloy binder 

system and the corresponding C-activities are presented in Fig. 4.4 a) and b). As it is further 

discussed in paper I, the solubilities depend on the local binder size and the cooling rate. 

Increased binder size and increased cooling rate are predicted to lead to higher W and C binder 

solubilities. As it has been shown, DICTRA is used as a creator tool and the integration of 

the solubility data is now a valuable information for all kind of properties that require 

knowledge about the binder chemistry. Specifically it is relevant for the prediction of the 
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binder hardness and can be used to actively design the binder in order to obtain a certain 

cemented carbide and binder property.   

   

4.1.2 Binder hardness 

 

As can be seen from the Engqvist model (Eq. 2.1), the binder hardness is an essential 

parameter in terms of the cemented carbide composite hardness. The knowledge about the 

solubilities of W and C allows the usage of a translator tool to predict how the actual binder 

composition will influence the binder hardness. Paper III deals with the development of a 

generic multicomponent solid solution strengthening model. The model has its origin in the 

classical solid solution strengthening theories by Fleischer [57] and Labusch [58] but has been 

modified to be applicable to concentrated solid solutions as well. Furthermore, the model has 

been generalized to assess a wide range of multicomponent systems relying only on binary 

interaction strengthening parameters. Eq. 4.1 and 4.2 represent the models to calculate the 

intrinsic system hardness 𝐻0 and the solid solution strengthening 𝐻𝑆𝑆𝐻 respectively.  

𝐻0 = ∑ 𝐻0
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Here the y parameters are site fractions of substitutional and interstitial elements. As a 

reference for the solution strengthening effect 𝐻0 is defined as the hardness of the pure 

elements in the  phase weighted with the fraction of substitutional elements. The solid 

solution strengthening is then defined as the hardness of the real alloy after subtracting 𝐻0. 

The solid solution strengthening contains strengthening parameters 𝐴𝛼 for binary interactions 

between two elements in the  phase. The summation over each binary interaction represents 

the additional strengthening based on the formed solid solution. Both the intrinsic and solid 

solution hardness terms allow the inclusion of the effects of elevated temperatures, which 
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becomes relevant once the cemented carbide composite hardness model is expanded to predict 

the hot hardness of the system. The strengthening parameters 𝐴𝛼 have been evaluated from 

experimental data obtained from literature, see paper III. 

Employing the model and using the assessed strengthening parameter database [28] the full 

Ni-Fe binder hardness can be calculated based on the Ni-Fe ratio and the full binder 

solubilities. As can be seen from Fig. 4.5 two regions of increased binder hardness can be 

identified. The first region is in the Ni-rich binder systems where either high solubilities of W 

or high C (at low and high C-activities respectively) provide additional solid solution 

strengthening. The second region can be found in the high C-activity region of the 50Ni50Fe 

alloys. The solid solution strengthening between Ni and Fe is highest at that ratio and 

additional solid solution strengthening comes from the high C solubility in the Fe-rich binder 

systems. The Fe-rich systems appear to have a lower binder hardness compared to the Ni-rich 

systems but it has to be noted that the potential for martensite formation [66] and thus the 

additional hardness to the binder has been neglected at this stage of the work.  

 

Figure 4.5. Calculated Ni-Fe binder hardness using the binder solubilities (DICTRA) and the solid 

solution strengthening model. 

 

Using the creator and translator models (solubilities and bulk alloy hardness) the predicted 

binder hardness for real cemented carbide systems is shown in Fig. 4.6. The transparent fields 

(fcc Co and hcp+fcc Co) represent Co-W-C bulk alloys [67] and are expected to have W and 
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C solubilities similar to a Co binder phase and the green line represents the measured hardness 

of a Ni-Fe-W-C binder phase [68]. The symbols represent the calculated binder hardness for 

the different austenitic binder systems and the agreement for the calculated Ni-Fe systems 

with the experimentally investigated Ni-Fe-W-C binder system [69] is good. The agreement 

for the calculated Co binders with the experimental Co-W-C bulk alloys is generally good as 

well – the lower and upper hardness values of the experimental alloys (transparent fields) 

correspond to too low or too high W and C solubilities compared to the calculated Co binder 

solubilities in paper I. As can be seen, the Co binder hardness is calculated to be the highest 

which is attributed to the about three times higher intrinsic hardness of Co compared to pure 

Fe or Ni. The additional strengthening via solid solution formation in the alternative binder 

systems may be a promising approach to tailor the binder hardness to come closer to the 

maximum Co binder hardness. It has to be noted that the models have been verified to some 

of the already existing alternative cemented carbide systems model systems. Taking the next 

step and using the available creator and translator tools to investigate other potential binder 

systems and tailor the specific solid solution strengthening may help to design new cemented 

carbides with alternative binder systems.     

 

 

Figure 4.6. Calculated binder hardness for selected cemented carbide systems in comparison with Co-

W-C bulk alloys [67] and the measured binder phase hardness in a WC-85Ni-15Fe [69] cemented 

carbide.  
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One crucial step to verify that the solid solution strengthening model is a suitable tool to 

predict the binder hardness had to be done by additional nano-indentation measurements. For 

WC-Co based cemented carbides, several studies on the nano-hardness for the Co binder 

phase [70, 71, 72] are available. It has been shown that the binder nano-hardness reaches 

values in the range of ~4-17 GPa which is higher when compared to bulk alloys with similar 

composition. Previous studies have been limited to a two-dimensional investigation of the 

binder morphology leaving uncertainties to the structure below the indentation.  

The binder phase of a WC-85Ni15Fe cemented carbide was used for the experimental 

investigation presented in paper II. The nano-indentations have been performed in large 

binder regions (Fig. 4.7 a)) and the three dimensional binder morphology below the indent 

was analysed with FIB cross-sectioning (Fig. 4.7 b)). The material pile-up has been studied 

for selected indentations by AFM (Fig. 4.7 c) & d)). For large binder regions, in width and 

depth, the measured nano-hardness is about 4.78 GPa which is still higher when compared to 

a bulk alloy, but compares well to the lower range that has been measured in WC-Co cemented 

carbides. As aforementioned in Chapter 3.2, scale effects play an important role in the 

interpretation of the hardness values obtained on different length scales. The cemented 

carbide composite hardness and the solid solution strengthening model predicts the 

macroscopic hardness while the measurements in the binder phase, due to its small size, are 

done on the nano scale. Measurements of the scale dependent hardness of a Ni-Fe bulk alloy 

done by Durst et al. [68], showed that, down to 100 nm indentation depth, the ISE corresponds 

to a hardness ~2.8 times higher when compared to values obtained from macroscopic hardness 

measurements. This is explained by the so-called geometrical necessary dislocations (GND) 

that have to be introduced in the material to accommodate the deformation from the indenter. 

Compared to a deep indentation the storage volume is smaller for shallow indentation depths 

leading to an increased GND density and is assumed to be responsible for the increase in 

hardness when compared to deep indentations [55]. 

Correcting for the ISE and converting GPa into Vickers units the measured nano hardness of 

4.78 GPa corresponds to a macro hardness of ~170 HV. Using the non-equilibrium solubilities 

and the corresponding strengthening from the solid solution strengthening model a hardness 

of 166±22 HV has been calculated. The composition in the bulk alloy is comparable with the 

binder phase compositions in a WC-85Ni15Fe cemented carbide. This shows that the intrinsic 

hardness of the cemented carbide binder phase can actually be treated as a bulk metal and 
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thus the solid solution strengthening model is applicable as a translator tool for the design. 

The consideration of the scale effect (i.e. the ISE) is only of relevance for comparison with 

experimental nano-hardness data. The cemented carbide composite hardness model predicts 

the macroscopic Vickers hardness, which is also calculated by the multicomponent solid 

solution strengthening model and no conversion between scales is needed.  

 

Figure 4.7. Experimental investigation of the binder phase in a WC-85Ni15Fe cemented carbide [69]. 

SEM images of the binder area and indentations a) and FIB cross sectioning to reveal the 3D binder 

morphology. AFM material pile-up investigation c) and d). 

  

4.1.3 Cemented carbide composite hardness 

 

The original Engqvist model requires the WC grain size and the binder volume fraction as 

input parameters. Applying the model to alternative binder systems the binder hardness 𝐻𝐵 

and 𝑘 have to be adjusted and an exponent that differs from unity is introduced.  
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𝐻𝑐𝑐 = (693 +
2680

√2.1 + 𝑑
− 𝐻𝐵) 𝑒− (𝜆0.67/𝑘) + 𝐻𝐵                              (4.3) 

Equation 4.3 shows a modified version that allows the prediction of the cemented carbide 

hardness for alternative austenitic binder systems. The calculation of the binder hardness is 

based on the non-equilibrium solubilities [65] and the solid solution strengthening model [28] 

presented earlier replacing the 𝐻𝐶𝑜 term with a general 𝐻𝐵 formulation. 𝑘 has been introduced 

in the original model as system dependent materials parameter to describe the hardening 

related to the binder mean free path. [24] This parameter is specifically associated to the 

materials properties making it, for example, dependent on the strain hardening behaviour in 

different binder materials. The modified 𝑘 parameter, presented in equation 4.4, gives a better 

fit to the model compared to the use of a single parameter       

𝑘 = 0.61 ∙ 𝑥𝐹𝑒 + 0.76 ∙ 𝑥𝐶𝑜 + 0.68 ∙ 𝑥𝑁𝑖  (µ𝑚0.67)                       (4.4) 

The cemented carbide hardness can then be designed to fulfil the desired properties. This may 

either be done in a classical way by adjusting the WC grain size and phase fractions or 

additionally by designing a specific binder phase. For the latter approach the human 

interaction and individual capabilities play an important role in determining how the design 

goal is achieved. The design contains multiple parameters and binder compositions that may 

lead to the design goal. The design parameters cover the process and structure that influence 

the solubilities and WC grain size requiring creator tools and structural features to translate 

the materials evolution into actual properties. Available tools like a WC grain growth model 

[62] and the prediction of the martensitic start temperatures Ms [66] should be considered for 

a successful design.  

Having the binder specific frozen-in solubility data mapped out and post-processed as 

presented in paper IV, the cemented carbide composite hardness (neglecting contributions 

from martensite formation) can be calculated for a fixed WC grain size (0.7 µm) and binder 

volume fraction (0.15). Conclusive decisions may be made from the results presented in Fig. 

4.8 about the C-activity and Ni-Fe binder ratio to achieve a certain hardness. The use of cross-

plots, employing results from other models, would allow the consideration of additional 

properties (like fracture toughness or Ms temperatures) to find the optimal design window 

where all design conditions are fulfilled. Increasing the degrees of freedom by considering 

different cooling rates, that affect the binder solubilities, or the sintering conditions to reach 
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certain WC grain sizes, results in a significant increase of the available design space. It might 

then be challenging to present the data in a conclusive way and it might be of advantage to 

use a programming environment to investigate the whole design space.  

 

Figure 4.8. Cemented carbide composite hardness (for Ni-Fe binder systems) using the binder 

solubilities, solid solution strengthening and composite hardness model. 

 

Opening up the restriction, to limit the materials development only to a specific binder system, 

increases the potential binder candidates greatly. Considering the possible options by 

including all additional parameters that affect the cemented carbide hardness a classical 

experimental investigation appears to be rather unsuitable. A modeling based approach 

provides faster access to data but it will reach its feasibility limits when the whole design 

space is investigated by stand-alone simulations.  

A different approach is needed to screen out possible process and composition variants that 

satisfy the design conditions. Genetic algorithms (GA) [73, 74] appear to be a possible 

solution to investigate a wide design space of compositions and process parameters in order 

to reach the design goals as has been demonstrated for ultra-high-strength steels [75].  
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Figure 4.9. Schematic outline of a genetic algorithm to investigate the cemented carbide composite 

hardness. 

 

The theoretical outline of the full cemented carbide composite hardness design, using a GA, 

may anyhow be instructive to the reader. Fig. 4.9 shows schematically the criteria considered 

in the genetic algorithm leading to the optimized cemented carbide composite hardness. 

Initially the system specific parameters such as the number of elements, sintering conditions 

and concentration range have to be defined to generate initial population sets. Thermo-Calc 

(TC) will be used to perform equilibrium calculations that are used to evaluate if the specific 

population fulfils certain criteria (i.e. no detrimental phases and a non-martensitic binder). If 

all criteria are fulfilled for the chosen composition, Thermo-Calc will be employed to 

calculate the equilibrium binder solubilities close to the solidus line. Afterwards, based on 

these results, DICTRA simulations of the frozen-in solubilities are performed. The DICTRA 
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results will be used as input for the solid solution strengthening model to calculate the binder 

hardness based on the composition and cooling rate. The grain growth model can then be used 

to calculate the expected WC grain size based on the sintering temperature 𝑇 and sintering 

time 𝑡. With all relevant data available (i.e. binder hardness, WC grain size and binder volume 

fraction) the cemented carbide composite hardness model can be employed. The hardness and 

sintering conditions (𝑇 and 𝑡) are optimization criteria not only to fulfil the basic design 

criteria, but can also be optimized to generate the highest hardness possible while keeping the 

costs for sintering as low as possible. For this version of the GA, only the hardness is of 

relevance. Different design criteria could be as well the fracture toughness but functional 

models that may be implemented in such an algorithm are not available yet. The general 

implementation would be important as the behaviour is such that high hardness leads to a low 

toughness and vice versa and a trade-off would be required to achieve the optimum cemented 

carbide properties. Furthermore, specific demands for cutting tools could be easily 

implemented in the design by including the gradient formation to predict the process 

conditions for the correct gradient thickness and a model for the hot hardness that will be 

available in the future. This approach would allow the considerations of all relevant design 

parameters and the algorithm could be used to find the most suitable solutions for a given 

design task under system specific restrictions.  
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4.2 Kinetic properties – Surface gradients 
 

The formation of surface gradients is modelled using DICTRA since the CALPHAD 

framework provides a suitable basis for the work with alternative binder systems. Fig. 4.10 

shows schematically the related information flow and how the two major contributions are 

connected. The liquid diffusivities have been primarily assessed to provide the data for Co 

binder systems used in state-of-the-art cutting tool inserts. Besides the missing information 

on the liquid self-diffusion, the solute diffusion of relevant elements is included. The 

investigation has been extended to Ni binder systems which has been shown of recent interest 

for coated Ni-Fe-based cemented carbide systems [6, 76].   

Similar to the liquid diffusivities, the labyrinth factor has given rise to uncertainty in the 

prediction of the surface gradient thickness [33, 35]. The second part of the investigation 

focuses on a better understanding of the labyrinth factor. 

 

Figure 4.10. Design flow chart for the surface gradient formation in cemented carbide systems.    
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4.2.1 Diffusion 

 

The gradient formation is driven by diffusion trough the liquid binder and thus accurate liquid 

diffusion data is required for a precise prediction of the gradient thickness [29, 36, 37]. 

Unfortunately no direct diffusion data for liquid Co nor solute diffusion in Co is available 

from experiments. Besides the Co and Ni solvents, the W and C solute diffusion and the cubic 

carbide and carbonitride formers Nb, Ta, Ti and N are relevant for the investigation. Available 

literature, that employed DICTRA for the gradient prediction used a reasonable estimate for 

liquid metal diffusion with values between 5 ∙ 10−10 and 1 ∙ 10−8 𝑚2/𝑠 [33, 34, 35].  

Assessed by various theoretical methods, the self-diffusion for liquid Co has been shown to 

be approximately ~5 ∙ 10−9 𝑚2/𝑠 [77, 78, 79]. One of the theoretical methods (using a 

modified Sutherland equation [80]) has been extended to predict the binary Co-W and Co-Ta 

systems. Data on pure Ni self-diffusion and some solute diffusion is available [81, 82]. The 

approach presented in paper V and VI, for diffusion of liquid Co and Ni is based on Ab initio 

molecular dynamics (AIMD). A similar approach has been used with success in other works 

[82, 83]. In case of liquid Co the presented work is a unique attempt to provide sufficient 

diffusion data for a whole group of materials of interest. The focus of paper VI is the binary 

diffusion in Ni solvents to enhance the diffusion database for cemented carbide systems 

considering the missing binary systems in the literature.  

The AIMD simulations employed a supercell of 108 atoms in the canonical NVT ensemble. 

This means that the number of atoms N, the volume V and the temperature T have been fixed.  

Using the VASP software the projector augmented wave (PAW) method was used and the 

exchange correlation functional was described with the GGA-PBE. Each configuration was 

performed for a total of 2∙104 time-steps with an individual time-step of 2 fs. To balance the 

long simulation times a k-point mesh of 1x1x1 had to be used to keep the computational costs 

reasonable. Four different simulations have been performed, treating the solvent as liquid, 

and the atomic mean square displacement of solvent and solute atoms was tracked which 

allows the investigation of the temperature dependent diffusivities. Assuming the validity of 

an Arrhenius expression, the activation energies and the pre-exponential factors have been 

obtained for all elements. The systems of interest are binary Co-Nb, -Ta, -Ti, -W, -Ni, -C & -

N and the binary Ni-Nb, -Ta, -Ti, -W, -Co, -C & -N systems presented in Fig. 4.11 (the Co-
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Ni and Ni-Co systems are available in paper IV). The AIMD approach offers a versatile way 

to assess all elements relevant for the surface gradient design. The behaviour of the liquid Co 

and Ni systems is rather similar as can be seen in Fig. 4.11. The diffusion of the interstitial 

elements C and N is the fastest in both systems and at the relevant sintering temperature  

~1723 K about 1.5 to 2 times faster than the fastest substitutional element. C and N show a 

very similar behaviour in liquid Co but in liquid Ni, N shows a stronger temperature 

dependence which leads to slower diffusion at sintering temperatures. In the Co system, the 

fastest substitutional element is Co while Ta is the slowest whereas in liquid Ni, Ti is the 

fastest substitutional element while, similar to liquid Co, Ta is the slowest diffuser. Such a 

comprehensive set of liquid diffusion data has not been available until now and this data can 

now be implemented in a kinetic database and be used in DICTRA for the prediction of the 

gradient formation.  

a) b) 

  

Figure 4.11. Liquid diffusivities in the Co [92] a) and Ni [94] b) binder systems used for typical 

metal cutting grades. 

 

4.2.2 Labyrinth factor 

 
It was realized early on that the effective diffusion in a structure of a matrix with dispersed 

particles has to be reduced for a correct prediction of the gradient thickness. [34] This is 
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associated with the distinct cemented carbide microstructure where the actual diffusion 

happens through the liquid binder and the WC grains act as obstacles (like a dispersed phase), 

and increase the actual diffusion path. Fig. 4.12 shows a synthetically generated cemented 

carbide microstructure [84] and a 3D-EBSD reconstruction [85] of the WC grains observed 

experimentally. It should be noted that only the individual WC grains are represented and the 

spacing between them is the binder where diffusion occurs. The binder thus has the character 

of a “labyrinth”, hence introduction of the labyrinth factor.   

a) b) 

 
 

 

Figure 4.12. WC network in cemented carbides: computer generated [84] and 3D-EBSD 

reconstruction [85]. 

 

The cemented carbide microstructure morphology indicates that the reduction in diffusion 

associated with the labyrinth factor might only be related to geometrical effects. The effective 

diffusion is obtained by reducing the bulk diffusion 𝐷0 by a factor 0 ≤ 𝜆 ≤ 1 

 𝐷𝑒𝑓𝑓  =  𝜆 𝐷0                                                   (4.5) 

Since the diffusion occurs in the liquid binder it has been suggested [33, 34, 35] that the 

labyrinth factor λ is related to the available liquid binder phase fraction  

  𝜆 =  𝑓𝑛                                    (4.6) 

Due to the lack of a precise description of the labyrinth factor and the liquid diffusivities it 

has been common to adjust the effective diffusivity 𝐷𝑒𝑓𝑓 by either altering 𝜆 or 𝐷0 in order 
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to obtain values that fit the experimentally observed gradient thickness. Depending on the 

investigated cemented carbide systems and the used bulk diffusion data, exponents of either 

n =1 [33, 35] or n =2 [34] could be used to reach a correct gradient thickness.  

Effective properties in composite materials have been described on a theoretical basis 

considering geometrical aspects arising from the composite structure [86, 87]. Hashin and 

Shtrikman [21] developed a theory, for a spherical obstacle shape, that has been used to 

predict elastic properties in Co-based cemented carbide systems. Lower and upper bounds are 

used to describe the phase fraction dependence between the extreme values that are given by 

the intrinsic phase properties. Similar to the spherical approach from Hashin and Shtrikman 

[21], Paul [88] proposed a way to model the effective properties in cemented carbides based 

on cubic shaped inclusions. The simplified obstacle shape (compared to the prismatic WC 

grains shape in a real cemented carbide system) may influence the effective properties [86, 

87, 89] and modifications might be necessary to account for real microstructures.  

The upper Hashin-Shtrikman bound correspond roughly to a volume fraction dependence of 

𝑓1.2, in the range of 0 to 0.3 binder fraction, representing the expected geometrical influence 

on the effective diffusion. By using the full kinetic description of the self- and binary diffusion 

in Co binders, it could be shown that the earlier used labyrinth factors of either 𝑓1 or 𝑓2 do 

not fit the experimentally observed gradient thickness satisfactorily. A value of about 𝑓3.3 

appeared to be necessary in order to predict the correct gradient thickness in a W-C-Co-Ti-

Ta-Nb-N system. [35, 90] Such a value for the labyrinth factor deviates considerably from 

the geometrical limits, indicating that other contributions affect the diffusion in complex 

cemented carbide systems. For further investigation of the effective diffusion properties, the 

fundamentally assessed liquid diffusivities should be used as consistent and non-adjustable 

parameter leaving only the labyrinth factor to be investigated in more detail. As the current 

theoretical approaches show only limited use, only an experimental investigation in a 

simplified model alloy offers possibilities for an isolated investigation of the labyrinth factor.                      

A tracer diffusion experiment where a stable 58Ni isotope foil is attached between two 

identical cemented carbide samples is chosen for the experimental investigation. The 

experiment has to be designed in order to exclude as many unknowns as possible that might 

influence the diffusion. Therefore the system of interest is a WC-Ni cemented carbide and a 

58Ni isotope. The liquid Ni self-diffusion is well established both experimentally [91] and 
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theoretically [92] and due to the investigation of the Ni self-diffusion additional chemical 

interactions are minimized. Upon rapid heating, both the isotope and the binder melt and the 

isotope foil completely dissolves in the binder. During the period of liquid-state sintering, the 

isotope has to pass the WC obstacles upon diffusion through the binder. The enrichment of 

the binder with the isotope can be measured as function of the distance to the original 

interface. In this way it is possible to obtain both the diffusion profile and maximum diffusion 

distance of the isotope. The measurement of the 58Ni isotope enrichment was done using SIMS 

(secondary ion mass spectroscopy) [93]. The Ni self-diffusion is only affected by an increase 

in diffusion distance due to the WC obstacles. The simulation of an identical experimental set 

up with DICTRA allows for comparison and it can be understood which factor is needed to 

achieve the same diffusion profile as observed experimentally. The experiment has been 

performed for four different binder fractions in order to investigate if the labyrinth factor 

depends on the binder volume fraction. Fig. 4.13 shows the diffusion profile for 20 vol% of 

liquid binder. The agreement with the experimentally observed maximum diffusion distance 

and the diffusion profile is excellent for a factor in the range of 𝑓1.5 − 𝑓1.7 and good for the 

upper Hashin-Shtrikman bound.  

 

Figure 4.13. Diffusion profile of 58Ni isotope in a WC-Ni cemented carbide. The curves are 

representing DICTRA simulations with the AIMD diffusion data and adjusted diffusion reduction 

based on the volume dependence while the points represent the measured (SIMS) data.  

 

It is thus shown that in this simple WC-Ni cemented carbide grade, the effective diffusion 

reduction is very close to the geometrical estimates from the Hashin-Shtrikman bounds and 

give confidence not only to the liquid Ni diffusion but as well to the high accuracy of the 
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liquid Co diffusion predicted by the same AIMD method. In more complex cemented carbide 

systems, relevant for gradient sintering, additional effects that are exceeding the geometrical 

diffusion reduction have to be considered. The labyrinth factor has been basically a fitting 

parameter to compensate for the unknown diffusivities that also contain non-geometrical 

information.  

As far as this work goes it has been shown that the labyrinth factor 𝜆 should be reconsidered 

to be 

𝜆 =  𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 + 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙                                            (4.7)                                         

The so-called tortuosity factor 𝜏 [94, 95] is known in other scientific communities, like 

chemical engineering and hydrogeology, and describes in principle the geometrical effect of 

an increased diffusion path caused by obstacles and is thus comparable to the original 

intention of the labyrinth factor to simulate the geometrical reduction. For a simple cemented 

carbide system, as has been investigated in paper VII, the tortuosity may be used as a 

replacement to describe the geometrical effect associated with the diffusion reduction 

allowing to use the labyrinth factor 𝜆 as a more general factor as described in Eq. 4.7. A 

modified description for the effective diffusion, considering only geometrical effects, is 

shown in Eq. 4.8 

 𝐷𝑒𝑓𝑓  =  
𝑓

𝜏2  𝐷0                                                 (4.8) 

Still accepting Eq. 4.5 this would indicate 𝜆 = 𝑓/ 𝜏2. For the case when Eq. 4.6 is valid the 

tortuosity is then given by 𝜏 =  𝑓(1−𝑛)/2.  It is suggested to use a more detailed description of 

the obstacle shape and size, realized by 𝜏, while keeping the linear volume fraction 

dependence. In this way it might be possible to make a more detailed evaluation on the effect 

of obstacle shape and size on the geometrical caused diffusion reduction in future 

investigations.  

Besides a geometrical reduction, shown in the SIMS experiments, additional sources 

associated with the diffusion reduction (i.e. the chemical reduction) have to be included and 

the sum of geometrical and the additional contributions together form the new labyrinth factor 

𝜆 as aforementioned. A more detailed investigation of the additional contributions for the 

labyrinth factor has not been part of this thesis but nevertheless a brief discussion regarding 

two possible contributions is included in the next chapter. 
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4.2.3 Gradient formation 

 

For the investigation of the gradient formation under real process conditions, the ramping 

during heating and cooling should be considered in addition to the actual sintering time [96, 

97]. The additional time from the ramping could be several minutes up to half an hour 

depending on the binder systems.        

a)                                           b) 

 

c) d) 

 
 

Figure 4.14. DICTRA simulations of the gradient formation in WC-Co-Ti-Ta-Nb-N cemented carbides 

[35]. Simulations have been performed with the AIMD diffusion data and a volume fraction 

dependency of 𝑓3.3 [92] b) 𝑓1.5 c) and 𝑓1.2 d).     
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Fig. 4.14 a) shows the experimentally observed gradient thickness in a WC-Co-Ti-Ta-Nb-N 

cemented carbide sintered at 1723K for 2h [35]. Using the updated liquid diffusion database 

for Co and the ramping times, a volume fraction dependence of 𝑓3.3 has been found to match 

the experimental gradient thickness with a DICTRA simulation of the gradient formation (Fig. 

4.14 b)). [92] Fig. 4.14 c) and d) show the diffusion profiles with a volume fraction 

dependence of 𝑓1.5 and 𝑓1.2 and the predicted gradient thickness of about 97 µm and 130 µm 

respectively which is ~4-5 times larger compared to the experimental value of 23 µm.  

As previously shown the SIMS experiments show that the geometrical contribution to the 

diffusion reduction, corresponds to a volume fraction dependence of 𝑓1.2 to 𝑓1.5, where 𝑓1.2 

corresponds to the upper Hashin-Shtrikman bound for binder fractions in the range of 0.05 to 

0.3. Apparently, a complex cemented carbide system requires the consideration of additional 

contributions, otherwise the purely geometrical reduction observed for the SIMS experiments 

should allow the prediction of the correct gradient thickness. Those additional contributions 

have a significant effect on the gradient formation and should therefore be studied in more 

detail as they appear to be crucial for the accurate surface gradient description. As already 

mentioned a detailed study on the additional contributions has not been part of this work but 

a brief discussion will be given in the following. 

The addition of the γ phase is an obvious difference between the experimentally investigated 

simple WC-Ni cemented carbide when compared to the ones of interest for gradient sintering. 

It has been shown that Ti can form a layer of a few atoms on the WC grain surface. [98] In 

case Ti reacts with the WC surface (i.e. by remaining to the surface for some time) it might 

affect the gradient formation.   

An important aspect is that the experimental information reveals an internal core-rim structure 

of the cubic carbides or carbo-nitrides, see Fig. 4.15 which is not accounted for in the 

DICTRA simulations. In general, the formation/dissolution of cubic carbides might be of 

relevance and a better understanding is necessary as this is a major process during the gradient 

sintering. A simple experiment has been performed in liquid state sintering with a WC-Co-

Ta and WC-Co-Nb diffusion couple (each system is designed to contain a cubic carbide 

fraction of 2 vol.%) [99]. In the initially pure Ta side a Nb rim forms around the original Ta 

core and vice versa in the system which initially contains only Nb. In the simulation of the 

experimental setup with DICTRA, the diffusion distances after 1h of sintering at 1723 K can 

be reached with a volume fraction dependence of 𝑓2 − 𝑓3.3. The results have been rather 
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ambiguous and the large spread for the volume fraction dependence is thought to be related 

to the formation of the core-rim structure that may cause some trapping of Ta and Nb affecting 

the overall diffusion. The results from the SIMS experiments show that the reduction in 

diffusion is larger in those systems, leading to a shorter maximum diffusion distance as 

expected by just a geometrical diffusion reduction. This indicates that, besides the geometrical 

effect, an additional contribution has to be considered to accurately describe the labyrinth 

factor.  

a) 

 

b) 

 

c) 

 

d) 

 

Figure 4.15. Formation of a core-rim structure in the γ phase. [99] Ta-core (a) with Nb-rim (b) in the 

Ta-rich sample and Nb-core (d) with Ta-rim (c) in the Nb-rich sample. 
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5. Concluding remarks and outlook on future work 
 

The aim of this work has been the implementation of a computational approach that can be 

used to develop WC based cemented carbides with alternative binder systems. The potentially 

health related restrictions regarding the usage of Co by the EU demand a fast and goal oriented 

development of alternative binder materials with comparable performance to Co-based 

cemented carbides. A standard trial-and-error materials development, with extensive 

experimental investigations, may not be the best solution to achieve a fast development of 

such tailor-made materials. The development of the ICME based framework and the Materials 

Design approach to create and employ models that connect the relevant design parameters on 

the process-structure-properties-performance level, are important steps towards an innovative 

materials development.  

The design focuses on specific parameters such as the room temperature composite hardness 

and the surface gradient formation for classical Co-based and alternative binder systems. To 

achieve this, a multiscale modeling approach with various linkage tools (creators and 

translators) has been applied. New linkage tools have been developed for this work and 

existing tools were improved in order to increase the models accuracy and to make them 

applicable to alternative binder systems.  

A first principle based approach (AIMD) could successfully be used to provide new data on 

liquid binder diffusivities that have been implemented in a diffusion database for surface 

gradient predictions with DICTRA. In connection with the study of the surface gradients, the 

experimental investigation of cemented carbide based diffusion couples allowed the 

determination of the geometrical effect of the so-called labyrinth factor. The Thermo-Calc 

and DICTRA software take the central role in the general composition design (i.e. to predict 

correct phases and phase fractions) and serves as creator (surface gradients formation) and 

translator (non-equilibrium binder solubilities) simultaneously. The experimental 

investigation of the binder nano-hardness could show that a binder can be treated as metal 

bulk alloy regarding its intrinsic hardness. This result made it possible to use a 

multicomponent solid solution strengthening model to calculate the binder hardness for a 

large variety of possible alternative binder systems based on the non-equilibrium binder 

solubilities. Combining the input from different design parameters (binder hardness, binder 
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volume fraction and WC grain size) the cemented carbide composite hardness for classical or 

alternative binder systems can be successfully predicted. 

The advancements on the liquid bulk diffusivities and the evidence of the geometrical 

reduction help to understand the general diffusion process in cemented carbide systems during 

liquid phase sintering. This knowledge forms the foundation for further investigations 

regarding the surface gradient formation. It has been shown that an additional contribution is 

missing in the understanding of the effective diffusion reduction when moving to more 

complex systems where gradient sintering is important. One of the main differences between 

the simple systems investigated here and the gradient sintering systems is the addition of cubic 

carbides and carbonitrides (γ phase). Further investigation of the dissolution process and 

thermodynamic interactions of the γ phase within the liquid binder might help to understand 

the role of the γ phase within the effective diffusion that is modeled by the labyrinth factor.  

The improved model for the prediction of the room temperature hardness for any austenitic 

binder system makes it possible to focus on the modeling of hot hardness. High temperature 

properties are more relevant for the performance of the cutting tool material as very high 

temperatures might be reached during operation. With the developed solid solution 

strengthening model, the temperature dependent binder hardness can be predicted. Naturally, 

the hot hardness of the WC and γ phase have to be investigated and implemented in a 

cemented carbide composite hardness model. The modified Engqvist hardness model may be 

used for this purpose as the implementation of the carbide hot hardness is easily realized. In 

addition, the dependence of the overall composite hardness on the carbide shape should be 

investigated further and, if of relevance, included in the model. 

At present certain aspects of cemented carbide systems can be designed with the presented 

approach. The restricted use of Co-based binder systems opens up many different systems 

that, properly designed, could actually exceed the known limits of state-of-the-art cemented 

carbide systems. Considering all the relevant design parameters, the investigation of a large 

number of variations with different compositions could be of interest. The use of a 

computational based algorithm, i.e. a genetic algorithm, with all relevant models integrated 

in the program routine would increase the automation of the design process and help to find 

potential candidates to reach the design goals. With the presented linkage tools that are used 

to predict the binder material dependence and otherwise available models (i.e. Ms temperature 
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prediction [66] and the carbide grain growth [62]) the necessary modeling base is available 

and ready to be implemented in the design. With the ongoing and potentially increasing 

research efforts in the development of models for cemented carbides, such an algorithm could 

be easily extended and other properties like fracture toughness could be predicted and 

optimized together with the materials hardness. Usually, hardness and fracture toughness are 

opposing properties and a trade-off between both must be found – the modeling based 

approach may help to highlight design options that push the known limits by finding 

unconventional compositions and processing paths.      



44 
 

ACKNOWLEDGMENTS 
 

I owe my thankfulness to my supervisors, John Ågren, Annika Borgenstam, Henrik Larsson 

and Cláudio Lousada, my colleagues and the industrial project partners (Sandvik, Seco Tools, 

Atlas Copco) that have supported me during the last years. 

John & Annika, I would like to thank you for our discussion about science and your 

encouragement regarding my teaching in the Materials Design course and my exchange at 

Northwestern University! I am particular grateful for all the freedom you granted me to make 

this project develop the way I intended it to be. Your trust helped me to develop my skills as 

independent researcher and to develop as person. Working with you has been a great 

inspiration, thank you!      

David & Lisa, not only do I have to say thank you for our countless scientific & unscientific 

discussions but also for the fun we had during those years. As we have seen in Hamburg and 

Reutte, it is not easy to convince some members of the cemented carbide community that 

alternative binder materials are the future but it was always good to have you two as 

likeminded support.  

Susanne, Henrik & Anden and Claudio & Pasha, working with you has been great fun! I 

enjoyed our discussions and to learn from your experience about hardmetals, diffusion and 

quantum mechanics!    

Thank you, Malin, Lyuba, Lars, Joakim, Peter and Valter for your support and expertise with 

Thermo-Cal/DICTRA and the help with the instruments and experimental investigations! 

Furthermore, I owe my thankfulness to Greg for the opportunity to stay at Northwestern 

University for the 390 Materials Design course and everyone involved making it a good time 

(Alvise, Ida, Ricardo and Taylor). 

I would like to express my thankfulness for the support and funding to the Swedish 

Governmental Agency for Innovation Systems (VINNOVA) and the Swedish Industry 

(Sandvik, Atlas Copco and Seco Tools). Without the additional support from STT, 

Jernkontoret (Stiftelsen De Geerska fonden), Stiftelsen Axel Hultgrens Fond and the 

Stiftelsen Bergshögskolans jubileumsfond it would not have been possible to attend so many 

conferences and to go to Chicago, so let me thank you for the support! 

Last but not least I would like to thank all my colleagues and friends for the many fruitful 

discussions and the support during my time as PhD student at KTH. Thank you for your 

company and the many times we went for lunches, beers, fikas or walks! 

  



45 
 

BIBLIOGRAPHY 
 

[1] Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), 

establishing a European Chemicals Agency, Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council of 18 December 2006. 

[2] M. Bräuninger, L. Leschus, A. Rossen, Ursachen von Preispeaks, -einbrüchen und –trends 

bei mineralischen Rohstoffen, Deutsche Rohstoffagentur (DERA), 2013. 

[3] L. Prakash, ”Weiterentwicklung von Wolframcarbid Hartmetallen unter Verwendung von 

Eisen-Basis-Bindelegierungen” (Ph.D. thesis, Universität Karlsruhe, Germany, 1980). 

[4]  http://www.tigra.de/de/produkte/holzbearbeitung.html (16/07/2017) 

[5] http://www.hartmetall-estech.ch/files/2013/01/anwendungen_de.pdf (16/07/2017) 

[6] L. Toller, S. Jacobson, S. Norgren, Life time of cemented carbide inserts with Ni-Fe binder 

in steel turning, Wear 376-377 (2017) 1822-29. 

[7] OSTP. Materials genome initiative for global competitiveness. Washington, DC: Office 

of Science and Technology Policy; 2011. 

[8] W. Xiong, G. Olson, Cybermaterials: materials by design and accelerated insertion of 

materials, npj Computational Materials (2016) 15009. 

[9] G.B. Olson, Genomic materials design: The ferrous frontier, Acta Materialia 61 (2013) 

771-81. 

[10] J.O. Andersson, T. Helander, L. Höglund, P.F. Shi, B. Sundman, Thermo-Calc and 

DICTRA, Computational tools for materials science, Calphad 26 (2002) 273-312.  

[11] G. S. Uphadyaya. Cemented Tungsten Carbides: Production, Properties and Testing. 

Noyes publications, Westwood, New Jersey, USA, 1998. 

[12] B. Uhrenius, H. Pastor, E. Pauty, On the Composition of Fe-Ni-Co-WC-Based Cemented 

Carbides, Int. Journal of Refractory Metals and Hard Metals 15 (1997) 139-49. 

[13] C. Liu, “Alternative Binder Phases for WC Cemented Carbides” (M.Sc. thesis, Royal 

Institute of Technology, Sweden, 2015). 

[14] J. Garcia, Investigations on kinetics of formation of fcc-free surface layers on cemented 

carbides with Fe-Ni-Co binders, Int. J. of Refractory Metals and Hard Materials 29 (2011) 

306-11. 

[15] R.M. German, Liquid Phase Sintering, Plenum Press, New York, 1985. 

[16] B. Uhrenius. Pulvermetallurgi. Department of Materials Science and Engineering, KTH 

Royal Institute of Technology, Stockholm, Sweden, 2000. 

[17] H.R. Macedo, A.G.P. da Silva, D.M.A. de Melo, The spreading of cobalt, nickel and iron 

on tungsten carbide and the first stage of hard metal sintering, Mater. Lett. 57 (2003) 3924-

32. 

http://www.tigra.de/de/produkte/holzbearbeitung.html
http://www.hartmetall-estech.ch/files/2013/01/anwendungen_de.pdf


46 
 

[18] A. Delanoë, M. Bacia, E. Pauty, S. Lay, and C.H. Allibert, Cr-rich layer at the WC/Co 

interface in Cr-doped WCCo cermets: segregation or metastable carbide?, J. Cryst. Growth 

270 (2004) 219–227. 

[19] Thermo-Calc Software, "TCS Steel and Fe - alloys Database", vers. 7.0, 

http://www.thermocalc.com, 2013. 

[20] A.F. Guillermet, An assessment of the Fe–Ni–W–C phase diagram, Zeitschrift für 

Metallkunde 78 (1987) 165–71. 

[21] Z. Hashin, S. Shtrikman, A variational approach to the theory of the elastic behavior of 

multiphase materials, J. Mech. Phys. Solids 11 (1963) 127–40. 

[22] H.C. Lee, J. Gurland, Hardness and Deformation of Cemented Tungsten Carbide, 

Materials Science and Engineering 33 (1978) 125-33. 

[23] Z.H. Xu, J. Ågren, A modified hardness model for WC-Co cemented carbides, Materials 

Science and Engineering 386 (2004) 262-68. 

[24] H. Engqvist, S. Jacobson, N. Axén, A model for the hardness of cemented carbides, Wear 

252 (2002) 384-93. 

[25] M. Walbrühl, D. Linder, J. Ågren, A. Borgenstam, A new hardness model for Materials 

Design in Cemented Carbides; in Manuscript. 

[26] G. Vieregge. Zerspanung der Eisenwerkstoffe, Stahleisen-Bücher, Band 16, 2nd ed. 

Düsseldorf. Verlag Stahleisen m.b.H.; 1970. 

[27] G. Boothroyd, Photographic technique for the determination of metal cutting 

temperatures, Br. J. of Appl. Phys. 12 (1961) 238-42. 

[28] M. Walbrühl, D. Linder, J. Ågren, A. Borgenstam, Modelling of solid solution 

strengthening in multicomponent alloys, Mater. Sci. Eng. A 700 (2017) 301-11. 

[29] M. Schwarzkopf, H.E. Exner, H.F. Fischmeister, W. Schintlmeister, Kinetics of 

compositional modification of (W, Ti)C–WC–Co alloy surfaces, Mater Sci Eng A 105-106 

(1988) 225–31. 

[30] J. García, R. Pitonak, The role of cemented carbide functionally graded outer-layers on 

the wear performance of coated cutting tools, Int. J. of Refract. Met. and Hard Mater. 36 

(2013) 52-9. 

[31] H.E. Exner, Physical and chemical nature of cemented carbides, Int Met Rev. 4 (1979) 

149–73. 

[32] S. Norgren, J. Garcia, A. Blomqvist, Y. Yin, Trends in the P/M hard metal industry, Int. 

J. of Refract. Met. and Hard Mater. 48 (2015) 31-45. 

[33] R. Frykholm, M. Ekroth, B. Jansson, J. Ågren, H.-O. Andrén, A new labyrinth factor for 

modelling the effect of binder volume fraction on gradient sintering of cemented carbides, 

Acta Materialia 51 (2003) 1115-21. 

 

http://www.thermocalc.com/


47 
 

[34] M. Ekroth, R. Frykholm, M. Lindholm, H.-O. Andrén, J. Ågren, Gradient zones in WC-

Ti(C,N)-Co-based cemented carbides: Experimental study and computer simulations, Acta 

Materialia 48 (2000) 2177-85.  

[35] J. Garcia, G. Lindwall, O. Prat, K. Frisk, Kinetics of formation of graded layers on 

cemented carbides: Experimental investigations and DICTRA simulations, Int. J. of 

Refractory Metals and Hard Materials 29 (2011) 256-59. 

[36] H. Suzuki, K. Hayashi, Y. Taniguchi, The beta-Free Layer Formed Near the Surface of 

Vacuum-Sintered WC-beta-Co Alloys Containing Nitrogen, Trans Jpn Inst Met 22 (1981) 

758–64. 

[37] P. Gustafson, Å. Östlund, Binder-Phase Enrichment by Dissolution of Cubic Carbides, 

Int. J. of Refractory Metals and Hard Materials 12 (1993-94) 129–36. 

[38] J.-O. Nilsson, G. Chai, U. Kivisäkk, Recent development of duplex stainless steels (Paper 

presented at the 6th Stainless Steel Science and Market Conference, Helsinki, Finland, June 

2008). 

[39] J. Hafner, Materials simulations using VASP—a quantum perspective to materials 

science, Computer Phys. Commun. 177 (2007) 6-13. 

[40] www.tms.org (16/07/2017) 

[41] http://www.icmeg.euproject.info/ (16/07/2017) 

[42] http://chimad.northwestern.edu/ (16/07/2017) 

[43] http://www.hero-m.mse.kth.se/ (16/07/2017) 

[44] http://www.sandvik.coromant.com/en-

gb/knowledge/materials/introduction/pages/default.aspx (16/07/2017) 

[45] http://www.sandvik.coromant.com/en-

gb/knowledge/materials/cutting_tool_materials/coated_cemented_carbide/pages/default.asp

x (16/07/2017) 

[46] G. J. Schmitz, U. Prahl, Handbook of Software Solutions for ICME, Wiley-VCH, 2017. 

[47] https://www.comsol.com/ (16/07/2017) 

[48] https://www.3ds.com/products-services/simulia/products/abaqus/latest-release/ 

(16/07/2017) 

[49] D. Frenkel, B. Smit, Understanding Molecular Simulation from Algorithms to 

Applications, Academic Press, 2002. 

[50] P. Hohenberg, W. Kohn, Inhomogeneous Electron Gas, Phys. Rev B 136 (1964) 864-71. 

[51] A. Blomqvist, "Insights into Materials Properties from Ab Initio Theory. Diffusion, 

Adsorption, Catalysis & Structure", Acta Universitatis Upsaliensis. Digital Comprehensive 

Summaries of Uppsala Dissertations from the Faculty of Science and Technology 702. 81 pp., 

Uppsala, 2010. 

[52] R.P. Feynman, Forces in Molecules, Phys. Review 56 (1939). 

http://www.tms.org/
http://www.icmeg.euproject.info/
http://chimad.northwestern.edu/
http://www.hero-m.mse.kth.se/
http://www.sandvik.coromant.com/en-gb/knowledge/materials/introduction/pages/default.aspx
http://www.sandvik.coromant.com/en-gb/knowledge/materials/introduction/pages/default.aspx
http://www.sandvik.coromant.com/en-gb/knowledge/materials/cutting_tool_materials/coated_cemented_carbide/pages/default.aspx
http://www.sandvik.coromant.com/en-gb/knowledge/materials/cutting_tool_materials/coated_cemented_carbide/pages/default.aspx
http://www.sandvik.coromant.com/en-gb/knowledge/materials/cutting_tool_materials/coated_cemented_carbide/pages/default.aspx
https://www.comsol.com/
https://www.3ds.com/products-services/simulia/products/abaqus/latest-release/


48 
 

[53] The Minerals, Metals & Materials Society (TMS), Modeling Across Scales: A 

Roadmapping Study for Connecting Materials Models and Simulations Across Length and 

Time Scales, Warrendale, PA 15086 (2015) ISBN: 978-0-692-37606-5 

www.tms.org/multiscalestudy. 

[54] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by instrumented 

indentation: Advances in understanding and refinement to methodology, J. Mater. Res. 19 

(2004). 

[55] W.D. Nix, H. Gao, Indentation size effects in crystalline materials: A law for strain 

gradient plasticity, J. Mech. Phys. Solids 46 (1998) 411-25. 

[56] Thermo-Calc Software, "MOB2 Mobility Database", vers. 2.0, 

http://www.thermocalc.com, 2010.  

[57] R.L. Fleischer, Substitutional Solution Hardening, Acta Metallurgica 11 (1963) 203-09. 

[58] R. Labusch, A Statistical Theory of Solid Solution, Physica status solidi B 41 (1970) 

659-69. 

[59] G. B. Olson, Computational Design of Hierarchically Structured Materials, Science , 277 

(1997). 

[60] M. Cohen, Unknowables in the Essence of Materials Science and Engineering, Mat. Sci. 

Eng. 25 (1976).  

[61] W. Xu, Q. Lu, X. Xu, S. van der Zwaag, The structure of a general materials genome 

approach to the design of new steel grades for specific properties, Computer methods in 

material science 13 (2013) 382-94. 

[62] K. Mannesson, J. Jeppsson, A. Borgenstam, J. Ågren, Carbide grain growth in cemented 

carbides, Acta Materialia 59 (2011) 1912-23.  

[63] M. Hellsing, High resolution microanalysis of binder phase in as sintered WC-Co 

cemented carbides, Mater. Sci. and Technol. 4 (1988) 824-29. 

[64] S. Haglund, J. Ågren, W content in Co binder during sintering of WC-Co, Acta Mater. 

46 (1998) 2801-07. 

[65] M. Walbrühl, D. Linder, J. Ågren, A. Borgenstam, Diffusion modeling in cemented 

carbides: Solubility assessment for Co, Fe and Ni binder systems, Int. Journal of Refractory 

Metals and Hard Metals 68 (2017) 41-8. 

[66] A. Stormvinter, A. Borgenstam, J. Ågren, Thermodynamically based prediction of the 

martensite start temperature for commercial steels, J. Metall and Mat. Trans. A 43 (2012) 

3870-79.  

[67] B. Roebuck, E.A. Almond, A.M. Cottenden, The Influence of Composition, Phase 

Transformation and Varying the Relative F.C.C. and H.C.P. Phase Contents on Properties of 

Dilute Co-W-C Alloys, Materials Science and Engineering 66 (1984) 179-94. 

[68] K. Durst, O. Franke, A. Böhner, M. Göken, Indentation size effect in Ni-Fe solid 

solutions, Acta Mater. 55 (2007) 6825-33. 

http://www.thermocalc.com/


49 
 

[69] M. Walbrühl, D. Linder, J. Ågren, A. Borgenstam, Alternative Ni-based cemented 

carbide binder – Hardness characterization by nano-indentation and Focused Ion Beam; in 

Manuscript. 

[70] E. Jimenez-Pique et al., Intrinsic hardness of constitutive phases in WC-Co composites: 

Nanoindentation testing, statistical analysis, WC crystal orientation effects and flow stress for 

the constrained metallic binder, J. of the European Ceramic Society 35 (2015) 3419-25. 

[71] J.J. Roa et al., Hall-Petch strengthening of the constrained metallic binder in the WC-Co 

cemented carbides: Experimental assessment by means of massive nanoindentation and 

statistical analysis, Mater. Sci. Eng. A 676 (2016) 487-91. 

[72] H. Engqvist, U. Wiklund, Mapping of mechanical properties of WC-Co using 

nanoindentation, Tribol. Letter 8 (2000) 147-52. 

[73] Goldberg, D. E., "Genetic Algorithms in Search, Optimization and Machine Learning," 

Addison-Wesley, 1989. 

[74] D.L. Carroll's FORTRAN Genetic Algorithm Driver, version 1.7a, 

http://www.cuaerospace.com/Technology/Genetic-Algorithm (16/07/2017) 

[75] W. Xu, P.E.J. Rivera-Díaz-del-Castillo, W. Wang, K. Yang, V. Bliznuk, L.A.I. Kestens, 

S. van der Zwaag, Genetic design and characterization of novel ultra-high-strength stainless 

steels strengthened by Ni3Ti intermetallic nanoprecipitates, Acta Mater. 58 (2010) 3582-93. 

[76] N. Larsson. Gradient formation in cemented carbides with 85Ni:15Fe-binder phase. 

M.Sc. thesis, Sweden: Uppsala University; 2015. 

[77] X.J. Han, N. Wang, B. Wei, Thermophysical properties of undercooled liquid cobalt, 

Philosophical mag. letters 21 (2002) 451-59. 

[78] M. Dzugutov, A universal scaling law for atomic diffusion in condensed matter, Nature 

381 (1996) 137-39. 

[79] I. Yokoyama, Self-diffusion coefficient and its relation to properties of liquid metals: a 

hard-sphere description, Physica B: Condensed Matter 271 (1999) 230-34. 

[80] W. Chen, W. Xie, L. Zhang, L. Chen, Y. Du, B, Huang et al., Diffusion-controlled growth 

of fcc-free surface layers on cemented carbides: Experimental measurements coupled with 

computer simulation, Int. J. of Refractory Metals and Hard Materials 41 (2013) 531-39. 

[81] J. P. Leonard, T. J. Renk, M. O. Thompson, M. J. Aziz, Solute diffusion in liquid Nickel 

measured by Pulsed Ion Beam melting, Metallurgical and Materials Trans. A 35 (2004) 2803-

07. 

[82] C. Woodward, M. Asta, D. R. Trinkle, J. Lill, S. Angioletti-Uberti, Ab initio simulations 

of molten Ni alloys, J. of Applied Physics 107 (2010). 

[83] N. Jakse, F. Wax, A. Pasturel, Transport properties of liquid nickel near the melting 

point: An ab initio molecular dynamics study, The J. of Chemical Physics 126 (2007). 

[84] M. Öhman, M. Ekh, F. Larsson, G. Wahnström, Thermal residual stresses in WC-Co 

using realistic 3D synthetic microstructures (Paper presented at the 19th Plansee Semiar, 

Reutte, Austria, May 2017). 

http://www.cuaerospace.com/Technology/Genetic-Algorithm


50 
 

[85] B. Winiarski. University of Manchester and National Physical Laboratory, Unpublished 

work. 

[86] D.K. Hale, Review – The physical properties of composite materials, Journal of Materials 

Science 11 (1976) 2105–41. 

[87] R.L. McCullogh, Generalized Combining Rules for Predicting Transport Properties of 

Composite Materials, Composite Science and Technology 22 (1985) 3–21. 

[88] B. Paul, “Prediction of elastic constants of multi-phase materials”, Technical report 

(Brown University, Division of Engineering) 1959; 3. 

[89] M.A. Elsayed, J.J. McCoy, Effect of Fiber Positioning on the Effective Physical 

Properties of Composite Materials, J. Composite Materials 7 (1973) 466-80. 

[90] M. Walbrühl, A. Blomqvist, P. A. Korzhavyi, C. M. Araujo, Surface gradients in 

cemented carbides from first-principles-based multiscale modeling: Atomic diffusion in 

liquid Co, Int. J. of Refract. Met. and Hard Mater. 66 (2017) 174-79. 

[91] A. Meyer, S. Stüber, D. Holland-Moritz, O. Heinen, T. Unruh, Determination of self-

diffusion coefficients by quasielastic neutron scattering measurements of levitated Ni 

droplets, Physical Review B 77 (2008). 

[92] M. Walbrühl, A. Blomqvist, P.A. Korzhavyi, Atomic Diffusion in Liquid Nickel: First-

principles Modeling; in Manuscript. 

[93] N. S. Kulkarni, R. J. B. Warmack, B. Radhakrishnan, J. L. Hunter, Y. Sohn, K. R. Coffey 

et al., Overview of SIMS-Based Experimental Studies of Tracer Diffusion in Solids and 

Application to Mg Self-Diffusion, J. of Phase Eq. and Diffusion 35 (2014) 762-78. 

[94] M. A. B. Promentilla, T. Sugiyama, T. Hitomi, N. Takeda, Quantification of tortuosity 

in hardened cement pastes using synchrotron-based X-ray computed microtomography, 

Cement and Concrete Research 39 (2009) 548-57. 

[95] C.J. Gommes, A.-J. Bons, S. Blacher, J.H. Dunsmuir, A.H. Tsou, Practical Methods for 

Measuring the Tortuosity of Porous Materials from Binary or Gray-Tone Tomographic 

Reconstructions, AlChE Journal 55 (2009). 

[96] M. Walbrühl, J. Ågren, A. Borgenstam, Design of Co-free cemented carbides (Paper 

presented at the 3rd World Congress on Integrated Computational Materials Engineering 

(ICME 2015), Colorado Springs, USA, June 2015). 

[97] M. Walbrühl. Diffusion in the Liquid Co Binder of Cemented Carbides – Ab Initio 

Molecular Dynamics and DICTRA Simulations. M.Sc. thesis, Sweden: Royal Institute of 

Technology; 2014. 

[98] J. Weidow, H.-O. Andrén, Grain and phase boundary segregation in WC-Co with TiC, 

ZrC, NbC or TaC additions, Int. J. Refract. Met. Hard Mater. 29 (2011) 38–43. 

[99] M. Walbrühl, J. Ågren, A. Blomqvist, H. Larsson, ICME guided modeling of surface 

gradient formation in cemented carbides (Paper presented at the 19th Plansee Seminar, Reutte, 

Austria, May 2017). 

 


