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Abstract 

Increasing demands on economic, social and environmental sustainability 

throughout society is putting pressure on the development of new and 

improved materials for resource efficiency, improved component life-time 

and substitution of toxic or rare elements. For the cemented carbide industry, 

as a major provider of tools for e.g. mining and metal cutting which are 

integral parts of many production chains, this may require complete or partial 

substitution of cobalt. Cobalt ore is primarily mined in conflict regions and 

cobalt powder has been shown to be carcinogenic upon inhalation. 

Substitution of this element could therefore have significant impact on several 

aspects of society. However, it is far from trivial to substitute this critical 

element in cemented carbide production. Nearly a century of materials and 

product development has made state-of-the-art cemented carbides with cobalt 

binder phase one of the most successful engineering materials. Over the years, 

accumulated investments throughout the supply chain has made these 

materials indispensable in industrial production. When envisioning cobalt 

substitution, it is therefore critical to generate new methods for accelerated 

materials development and standardised materials qualification. This will 

enable faster and more reliable development of new materials with the 

potential to substitute cobalt throughout the industry.  

The present thesis is focused on the continued development of an integrated 

computational materials engineering framework for materials design as well 

as the development of quality control methods for alternative binder 

cemented carbides. The existing computational framework is here extended 

with a model for fracture toughness which allows for property trade-off 

between hardness and toughness. The extended framework is shown to 

replicate experimentally well-established property combinations and is 

thereby applicable for computational design of cemented carbides for specific 

applications. Furthermore, conventional quality control methods based on 

magnetic properties are evaluated and further developed for alternative binder 

cemented carbides. Combining these results on computational materials 

design and the steps towards standardised quality control has the potential to 

greatly accelerate future development of cemented carbides, both for cobalt 

substitution and for improved component life-time.   



 
 

Sammanfattning 

Ökande krav på ekonomisk, social och miljömässig hållbarhet i samhället 

sätter press på utvecklingen av nya och förbättrade material för 

resurseffektivitet, ökad komponentlivslängd och substitution av toxiska 

ämnen. Inom hårdmetallindustrin, som producerar verktyg till exempelvis 

gruvbrytning och metallbearbetning vilket är centrala delar av många 

produktionskedjor, kan detta kräva total eller partiell substitution av kobolt. 

Koboltmineral utvinns huvudsakligen i konfliktregioner och koboltpulver har 

visats vara cancerogent vid inhalering. Koboltsubstitution kan därför ha 

betydande effekt på flera aspekter av samhället. Det är däremot långt ifrån 

trivialt att ersätta en så central komponent i hårdmetallproduktion. Närmare 

ett århundrande av material- och produktutveckling har gjort modern 

hårdmetall med kobolt som bindefas till ett av de mest framgångsrika 

materialen. Genom åren har ackumulerade investeringar genom hela 

leverantörskedjan gjort dessa material oumbärliga inom industriell 

produktion. I samband med visionen om koboltsubstituton är det därför 

kritsikt att generera nya metoder för accelererad materialutveckling och 

standardiserad materialkvalificering. Detta skulle medföra snabbare och mer 

tillförlitlig utveckling och introduktion av nya material med potential att 

ersätta kobolt genomgående i industrin.   

Den här avhandlingen fokuserar på fortsatt utvekling av ett beräkningsbaserat 

ramverk för materialdesign enligt konceptet ”Integrated Computational 

Materials Engineering” samt utvecklingen av metoder för kvalitetskontroll av 

hårdmetall med alternativa bindefaser. Den existerande 

beräkningsplattformen utvecklas vidare med en modell för brottseghet. Detta 

medför möjligheten att med hjälp av beräkningar göra avvägningar mellan 

hårdhet och seghet genom design av mikrostrukturen. Det utökade ramverket 

påvisas upprepa empiriskt väletablerade samband mellan mikrostruktur och 

mekansika egenskaper och kan därmed tillämpas för beräkningsbaserad 

materialdesign av hårdmetall för specifika tillämpningar. Utöver detta 

utvärderas tillämpbarheten av konventionella metoder för kvalitetskontroll, 

baserade på magnetiska egenskaper, för hårdmetall med alternativa 

bindefaser. En kombination av resultaten kring beräkningsbaserad 

materialdesign och stegen mot standardiserad kvalitetskontroll har potential 

att accelerera framtida utveckling av hårdmetall, både för koboltsubstitution 

och förbättrad materiallivslängd.   
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1. Introduction 

Materials discovery and development has been a critical part of the evolution 

of civilisation – from early wood and stone tools enabling hunting and 

farming to modern day electronics that allows for e.g. instant communication 

across vast distances and convenient transportation. Despite the extreme 

technical development over the last decades, and the seemingly fundamental 

change in life-style, continuous development of tool materials retains an 

important role due to the increasing demand on production – in terms of 

production volume, costs and lead time, as well as sustainability in forms of 

resource efficiency and socio-economical aspects.  

The aim of the present thesis is to contribute to a generalised design-and-

development methodology for cemented carbides, a type of ceramic-metal 

composites commonly used in mining and metal forming, to enable partial or 

complete substitution of cobalt (Co) in these materials. The presented work 

is divided towards two complementary goals, a) to build upon the ICME 

(Integrated Computational Materials Engineering) framework for cemented 

carbides outlined in the Ph.D. thesis of Dr. M. Walbrühl [1-4] by 

incorporating a model for fracture toughness, and b) to investigate the 

applicability (and limitations) of magnetic measurements as quality control 

methods for alternative binder cemented carbides to enable faster up-scaling 

of lab-results.  

The extension of the ICME-framework will allow for property trade-off when 

designing cemented carbides and generalised quality control methods will 

allow for faster and more reliable up-scaling of alternative binder cemented 

carbides. The work has been performed within three different projects in 

collaboration with Swedish industry: the NoCo project, within the strategic 

innovation programme Metallic Materials, co-financed by the Swedish 

Innovation Agency Vinnova, the EIT Raw Materials’ CoFree project, and the 

Hard Materials project within the Vinnova Competence Center Hero-m 2i. 

In order to put this work in the context of state-of-the-art cemented carbide 

tools and recent progress towards cobalt-substitution, the following sections 

will provide an introduction to conventional cemented carbides (1.1), a brief 

overview of published alternative binder systems (1.2) and a discussion on 

the need for application-driven materials design and a generalised up-scaling 

and quality control methodology (1.3). Chapter 2 introduces the materials 

design approach and ICME, including the need for reliable experimental data 
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for model development, validation and calibration, in more detail. Chapter 3 

is a summary of the models and methods developed in this thesis (Papers I-

V). The application of these models and results is discussed in Chapter 4 

along with an example design. Chapter 5 contains a brief discussion on the 

potential long-term impact of this work and how it relates to the Agenda 2030 

sustainability goals, and Chapter 6 contains some concluding remarks and an 

outlook on future work.      

1.1 Cemented carbides – successes and concerns  

Cemented carbides, also known as hardmetals, are one of the most successful 

engineering materials [5]. Since the initial development in the 1920’s, an 

extremely wide range of cemented carbide tools have been developed for 

applications ranging from e.g. wood-working, and mining to metal forming 

and cutting, see Figure 1.1 and 1.2. The global cemented carbide production 

was estimated to around 50 000 tons per year around 2011 [6] and the 

numbers are likely higher today.  

 

 

Figure 1.1 Applications (left) and a typical microstructure (right) of WC-Co 

cemented carbides. 

 

Cemented carbides are ceramic-metal composites typically composed of a 

hard phase, tungsten carbide (WC), and a metallic binder phase, cobalt (Co). 

Modern day state-of-the art WC-Co grades are tailored to specific 

applications by alloying additions (e.g. grain-growth inhibitors such as Cr and 

V) and additions of secondary carbides/carbonitrides (Ti(C,N), TaC, MoC, 

etc., also known as γ-phase), or microstructure gradients (e.g. from de-

nitriding or carburisation), and so on [5]. Depending on application area, the 
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cemented carbide may also be coated using e.g. alumina (Al2O3) and 

titanium-aluminium-nitride (Ti,Al)N. In the basic form, however, only two 

phases are present, prismatic WC grains (grey) and face-centered cubic (fcc) 

Co with some C and W in solid solution (black), see Figure 1.1. 

 

Figure 1.2 The most fundamental microstructure parameters for materials design of 

WC-Co cemented carbides used in a wide range of applications. The focus of the 

present work is towards mining and metal cutting applications, Figure adapted from 

[5].  

 

For these two-phase WC-Co cemented carbides, the two main parameters for 

the materials design are the mean carbide grain size, d𝑊𝐶[μm], and the binder 

volume fraction, 𝑉𝑓 . In Figure 1.2 the approximate ranges of these two 

parameters are outlined for a wide range of applications. The overlaid contour 

shows how the Vicker’s hardness, HV [kgf/mm2], of the composite changes 

with these microstructural parameters. Even when limiting the applications 

to mining and metal cutting it is clear that existing grades cover a wide range 

of the microstructural design parameters to achieve the desired mechanical 

properties, e.g. hardness ranging from 1100 to 1800 HV, and optimum 

performance.  
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In addition to hardness, the fracture toughness is often a limiting factor in 

determining the application range of a certain grade. The ideal material would 

have a very high hardness as well as a high toughness, however, these are 

conflicting goals since decreasing d𝑊𝐶  and 𝑉𝑓 , the main strategy for 

increasing hardness, will cause a drastic decrease in fracture toughness, as 

visualised by the so-called “banana-curve” in Figure 1.3.  

 

 

Figure 1.3 The hardness-toughness “banana curve” for WC-Co cemented carbides 

with varying carbide grain size and binder volume fraction. Data from Refs. [5,7]. 

 

The high hardness and relatively low toughness of cemented carbides makes 

them difficult to machine. In order to achieve complex shapes while 

maintaining homogeneous microstructure, cemented carbides are commonly 

produced by powder metallurgy, i.e. through mixing carbide and metal 

powders, pressing and liquid phase sintering, a heat treatment for 

consolidation of the powder compact where the metallic binder is melted but 
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the WC remains solid [8]. To ensure reproducible high-quality materials it is 

critical to avoid the formation of detrimental phases during and after sintering. 

 

Figure 1.4 Isopleth of the Co-W-C ternary phase diagram showing the upper and 

lower limits of the C-window for WC-10 vol.% Co cemented carbides.  

 

In two-phase cemented carbides, the most critical aspect for this is high-

precision control of the composite C-content. Too high C-content leads to 

precipitation of graphite while too low C-content leads to precipitation of η-

phase, a sub-stoichiometric carbide. The C-range where only WC and Co-

binder is present is commonly called the “carbon window”. Historically, the 

limits of the C-window were found experimentally for every new cemented 

carbide grade. However, the development of the CALPHAD (Calculation of 

Phase Diagrams) method [9], and related software e.g. Thermo-Calc [10] and 

databases, allow for computational prediction of the C-window [3]. A 

calculation of the C-window of a WC-10mass% Co cemented carbide is 

shown in Figure 1.4. This approach is now commonly used to guide, and 

greatly reduce, experiments when developing new cemented carbide grades. 

Despite the exceptional performance and versatility of WC-Co composites 

there are certain draw-backs of using Co as the main binder element. Co-

powder has been shown to be carcinogenic [11] and reclassified by REACH 

[12], which could potentially lead to restrictions to its industrial applications 

in the EU.  
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Figure 1.5 The GHS pictograms [13] for the Cobalt REACH classification [12] 

showing “Health hazard”, “Harmful”, “Toxic” and “Environmental Hazard”.  

Even if no such restrictions are implemented, there are other reasons why Co 

should be substituted with alternative binders. Co supply is a major concern 

as the majority, more than 50% of the world’s production, is mined in conflict 

regions [14], primarily in the DR Congo. The mining is often also performed 

under inhumane conditions with e.g. child labour.  

In additions to the social, ethical, health and environmental aspects of Co 

mining, the raw material cost is high and volatile compared to e.g. iron (Fe) 

and nickel (Ni) which are more readily available in regions close to the 

European cemented carbide production. Fe is available at a low price and in 

large quantities from the mines in e.g. Kiruna in northern Sweden, making 

the prospect of Fe-based binder phases of particular interest to Swedish 

industry. If Co could be completely substituted by Fe in cemented carbides 

the estimated global cost savings would be in the range of 25-30 MEUR/year 

from raw materials alone, using cost estimates from 2019 [15], where the cost 

difference between Co and Fe is approximately13 EUR/kg, and market data 

from 2015 [16], with an estimated Co usage of 12 000 tons/year for the 

cemented carbide industry, corresponding to 5-6% of the global Co 

production. The corresponding cost savings of substituting Co with Ni would 

be about a third compared to Fe but 8-10 MEUR per year is still a large share 

of the total material cost. Furthermore, during the last 15 years, Co prices 

have spiked to ranges between 70-100 EUR/kg while Fe has remained in the 

range of 1 EUR/kg and Ni hasn’t exceeded 40 EUR/kg. Note that these 

estimates are based on the September 2019 prices of refined metals, not metal 

powder costs. Given e.g. the oxidation behaviour of Fe-powder compared to 

Co- and Ni-powder, these estimates are not likely to be accurate but might 

give an idea of the economic effects of substitution. Adding onto this the 

increasing demand for Co from e.g. the battery industry [17] makes it unlikely 

that the price for Co will stabilise and decrease in the near future.    
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1.2 Alternative binders – from concept to 

application tests 

The idea of using Fe- and Ni-based alternative binders is not new, already in 

the 1920’s trials were made that clearly showed the superiority of Co-binders 

[18]. Since then, the composition control, in particular the C-control, as well 

as sintering techniques in production have improved drastically, allowing for 

a wide variety of cemented carbide compositions to be produced with 

consistent results. This means that it is now possible to produce more tailored 

microstructures also for alternative binder cemented carbides even though the 

wetting is generally worse, i.e. a larger wetting angle [19], and the grain 

growth kinetics during sintering is different [20] than for WC-Co.  

In parallel, the development of computational methods, such as CALPHAD, 

along with extensive thermodynamic and kinetic databases, and tools, has 

enabled a priori prediction of phase transformations (solidification, 

precipitation, martensitic transformation, etc.[21-23]) and microstructure 

evolution (carbide grain size [24,25]) during and after sintering. Altogether, 

modern computational and processing capabilities have opened up a pathway 

for faster and more cost-efficient prototyping of alternative binder cemented 

carbides – making partial, or even complete, substitution of Co a much more 

feasible prospect.  

Since the 1970’s an interest in alternative binders has occasionally surfaced 

in literature [26-44]. The majority of these studies focus on Fe- and Ni-based 

binders [27-17, 38-39, 42-44] with alloying additions of e.g. Cr [31] or Al 

[36, 40-41]. Other studies use commercial steel grades as binder phase 

[35,45-46] and a few studies have gone so far from the beaten path as to try 

out high-entropy alloys (HEAs) as alternative binders [47-53]. Most of these 

studies show promising results with respect to sintering behaviour and/or 

mechanical properties. Nevertheless, in order to introduce these materials in 

industrial applications it is necessary to take these investigations a few steps 

further, to understand i.e. the sintering process, e.g. [8, 42], as well as the 

formation of microstructural gradients [53-54] and coating adhesion [55] and 

failure mechanism during steel turning [56].   
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Figure 1.6 Micrographs of a WC-Ti(C,N)-HEA insert used for cutting tests. The 

cemented carbide has a γ-phase free surface zone (surface gradient), cone structure 

at the corner for increased hardness, and wear-resistant coatings. Figure from 

Ref.[53]. 

Literature on these consecutive steps for alternative binder cemented carbides 

is scarce. However, in our work [48, 52-53] we have shown that it is possible 

to develop cemented carbides with high entropy alloy binders from idea to a 

functioning cutting tool insert within a relatively short timeframe. The high-

performing tool for cutting operations was step-wise developed in lab-scale 

to a fully dense [48], gradient sintered [52] and coated insert [53], as shown 

in Figure 1.6. Despite the excellent results in this particular cutting test, see 

Figure 1.7, there is a lot of work before the materials are fully evaluated and 

qualified for introduction into full-scale production. Furthermore, the 

performance in a particular test and the performance in real-life applications 

of an end-user does not necessarily correlate. So, even though this work has 

shown the potential, it has required a lot of experimental efforts and resources 

to reach this far for a single new lab-scale cemented carbide grade. Based on 

this work, the task to substitute Co in the wide range of available cemented 

carbide grades is therefore seemingly unsurmountable unless new and 

standardised methods to accelerate the materials design and qualification 

process are developed.  
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Figure 1.7 Schematic of the cutting operation test and the results of the WC-HEA 

compared to a state-of-the-art WC-Co grade. Lower edge displacement (y-axis) 

indicates better performance. Figure from Ref. [53]. 

1.3 The need for application-driven materials 

design and up-scaling solutions 

As indicated in the previous section, development and implementation of 

alternative binder cemented carbides into large-scale production is non-trivial. 

Even though the results available in literature show the potential of 

substituting Co with different binder compositions only a few have made it 

all the way to commercialization [57-58], indicating the high barrier for 

design, development, up-scaling and qualification for introducing alternative 

binder cemented carbides on the market. However, none of these binder 

phases seem to fulfil the requirements for all cemented carbide applications. 

This leads to the need for application-driven design of new cemented carbides, 

where the unique property requirements for each application is accounted for 

in the design. An alternative binder that performs well in applications limited 

by hardness and wear resistance, e.g. wood cutting, may not be suitable for 

e.g. percussive rock drilling where impact toughness and corrosion resistance 

might be critical properties.  
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Standardising and stream-lining the design and development process, all the 

way from design and optimisation of composition and processing parameters, 

via lab-scale testing and application trial-runs, to quality control methods and 

qualification for up-scaling, will not only save time and money, but also 

enable material customisation for specific applications on demand. There are 

many different approaches to achieve this standardisation, ranging from 

purely empirical trial-and-error and experience-based approach to physics-

based modelling and purely computational approaches. Of increasing interest 

in literature and industry is artificial intelligence and data-driven concepts 

such as machine learning (ML) and neural networks (NN). These methods, 

however, require a large amount of data to be reliable and are somewhat 

limited to interpolation of existing data. To achieve reliable extrapolations of 

existing data or exploration of entirely new compositions the development of 

physics-based based modelling and simulations, coupled with experimental 

model calibration and validation, is critical.  

Regardless of the exact approach, or combinations there-of, to materials 

design, the goal is the same – to improve properties and performance, reduce 

costs, simplify processing or substitute harmful elements. However, when a 

new composition has been selected and the processing parameters have been 

optimised in lab-scale production, the following steps are material 

qualification and process up-scaling. This usually requires numerous large-

scale production heats and subsequent materials characterisation, testing and 

analysis to ensure reproducibility and determine minimum allowable 

properties. Qualification and up-scaling is often more costly and connected 

to higher levels of financial risks than lab-scale development. It is therefore 

critical to develop methods for fast and reliable quantification of material 

chemistry and microstructural parameters to replace the extremely time- and 

resource-consuming complete metallographic and chemical analysis. In the 

cemented carbide industry, non-destructive magnetic measurements have for 

a long time been used for quick quantification of d𝑊𝐶 and the C-content of 

the sample [59]. C-content measurements are critical to ensure that no 

undesired phases form, such as graphite or η-phase, but is also important to 

control carbide grain shape and size [60] which in turn has a large influence 

on the composite properties. It has not, however, been clear to what extent 

these measurements are applicable to alternative binder cemented carbides.  

The first three papers in this thesis focus on developing computational tools 

(Papers I and II) and physics-based models (Paper III), as well as generating 

empirical data for model validation and calibration , for the ICME-framework 
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[1] with focus on the design of mechanical properties of cemented carbides. 

The final papers (Papers IV and V), on the other hand, are focused on how 

magnetic measurements, as a step towards upscaling, can be used for quality 

control of alternative binder cemented carbides. 
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2. Materials design, ICME and up-
scaling 

Materials design [61] is the concept of intentional design, as opposed to 

fortuitous discovery, of new or improved materials. Even though design of 

materials is conceptually not very different from design in any other scientific 

or engineering discipline, it is, due to the wide range of time- and length-

scales that govern material behaviour, far from trivial to implement a general 

materials design methodology.  

The seemingly straight-forward and easily modifiable, through heat 

treatments or deformation, material properties listed in common materials 

data sheets, e.g. [62], are founded on extensive empirical testing and 

knowledge developed over many years. Behind each time and temperature 

dependence of these properties hides a complicated hierarchy of material 

structures and interactions. On the macroscopic scale, the presence of 

impurities such as large inclusions or porosity influence e.g. the fracture 

behaviour of a material. At the microstructural scale the local response to 

deformation is influenced by e.g. composition, grain size and morphology, 

precipitates, grain boundaries and interfaces. At the atomistic scale, the local 

composition gives rise to a unique set of atomic bonds with varying strength. 

All of these length-scales interact, not just top-down or bottoms-up but 

through complex non-linear interaction-loops where e.g. the macroscopic 

deformation may cause a phase transformation in a certain part of the 

microstructure. This in turn influences the stress-state in the surrounding 

material and the macroscopic deformation behaviour. Add onto this the 

complexity of highly history-dependent property evolution and it becomes 

clear that a complete experimental study of every aspect of a given material 

is unfeasible. A large amount of work is thereby put into reducing the 

complexity of the problem and mapping only the most critical relations 

connecting material processing and its final performance in a given 

application.     
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Figure 2.1 Cohen’s reciprocity and the complementary ideas of deductive 

exploratory science and inductive performance-driven engineering/design. Figure 

adapted from [61]. 

 

A well-known representation of the relations between material processing, 

(micro-) structure, properties and performance is the three-link-chain 

visualising Cohen’s reciprocity [63], see Figure 2.1. Each set of processing 

parameters will create a certain microstructure, which translates into a certain 

set of properties that in turn gives the material its performance – this solution 

is unique and can be clearly followed through the three-link-chain. There is, 

however, not only a unique set of processing parameters that can achieve the 

same performance – any design will thus depend on the choices made when 

stepping backwards through the chain. The approaches of deductive, “cause-

and-effect; discovery”, exploratory science and the inductive, “goals/means; 

design”, performance-driven engineering, though seemingly contradictory, 

are in fact complementary and equally critical for continuous development. 

On one hand, the deductive (discovery) approach generates new 

understanding of previously unknown or unexplored process-structure-

properties-performance (P-S-P-P) links necessary for materials design, as 

well as exploring new application areas of existing materials and theories. 

The inductive (design) approach can, on the other hand, be used to guide the 

exploratory efforts by exploring the limits of current theories and 
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understanding. The design approach is also critical for translating novel 

scientific discoveries into useful materials tailored to the needs of society.  

To gain a deeper understanding and enable design of a particular material 

system, it is helpful to organise all known aspects of the P-S-P-P relations in 

a system design chart [61], see Figure 2.2. The tools and models that describe 

the P-S-P-P chain, the links in Figure 2.1, are called linkage-tools. The 

linkage-tools are divided into three groups depending on which link they 

describe: Creators (process-structure), Translators (structure-property) and 

Performers (properties-performance) [64]. 

 

 

Figure 2.2 A simplified systems design chart for cemented carbides. 

 

Traditionally, the linkage tools (sometimes simplified to direct processing-

property relations) have been determined by extensive experimental studies 

(with or without the support of theoretical models) and validated by 

reproducing the results until the relations are statistically validated. This 

process is, however, connected to large costs and long timeframes. Therefore, 

interest in computationally aided materials development in industry emerged 

already in the late 1970’s/early 1980’s [65]. Due to the development of the 

CALPHAD method and related software in academia, it became possible to 

guide experimental work using computational predictions of e.g. phase 

transformations and heat treatments. Already at this time it was thus possible 

to narrow down the search for the next game-changing material to a more 

limited composition and process parameter space. More recent development 
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of computational tools, models and resources has further opened up the 

possibility to substitute the time- and resource-consuming empirical studies 

by integrated computational materials engineering (ICME) and 

computational materials design.  

2.1 ICME and calculation-flow diagrams 

ICME [66] is a multiscale modelling approach that aims to integrate 

computational tools and materials models across relevant time- and length-

scales (from the atomistic and ps scales to macroscale and years) to capture 

critical P-S-P-P relations in a material. Not only does successful ICME-

frameworks require a number of accurate and reliable linkage-tools, but also 

appropriate model interfaces. The output data from one linkage-tools needs 

to be converted to the correct format and units to act as input for the following 

linkage-tool. For practical reasons, most ICME frameworks are built around 

so-called sub-systems of the material, where only a few processing steps, 

microstructural features, properties and linkage-tools are involved, to later be 

extended as more linkage-tools and interfaces are developed.  

One of the sub-systems, the hardness sub-system, is marked red in Figure 2.2, 

connecting sintering (process), binder chemistry and carbide grain size 

(structure), and composite hardness (property). This sub-system of the 

cemented carbide design chart has been extensively studied for WC-Co but 

not so much for alternative binders. This part of the ICME-framework 

developed by Walbrühl et al. [1-4] contains models, which combined with 

the prismatic grain growth model of Bonvalet et al. [25], enables design of 

cemented carbide hardness without restriction to binder composition. The 

framework is currently limited to fcc-binder phases but ongoing work is 

aiming to extend the models to account for other crystal structures [67]. To 

ensure proper computational flow in the ICME framework and keep the 

framework modular and easily extendable, it is convenient to create a 

calculation-flow diagram that shows all linkage tools and their connections, 

see Figure 2.3 for the hardness sub-system.  
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Figure 2.3 Calculation-flow diagram for the hardness sub-system marked red in 

Figure 2.2. The blue boxes mark models developed by Walbrühl et al. [1-4], the green 

box marks the model developed by Bonvalet et al. [25] and the white boxes mark 

models that require further development. Figure adapted from [67]. 

2.2 Computational materials design and 

optimisation schemes 

Computational materials design is essentially the materials design 

methodology but (ideally) utilising only computationally-based linkage-tools. 

In practice, however, empirical models and know-how is often used to 

complement or complete ICME-frameworks consisting of computational 

tools and physics-based materials models. One of the key aspects, in addition 

to model and database development, of computational materials design is to 

convert the performance goals to clearly defined and quantifiable property 

targets. Once the property targets are defined, iterations with varying input 

parameter sets can hopefully be used to map out a part of the processing 

parameter space that will fulfil all property targets. Mapping all possible input 

parameter combinations will often result in long computation time, especially 
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for more complex calculation-flows, and yield a large quantity of output data, 

of which the majority can be disregarded. To enable efficient design towards 

specific property targets it is therefore of interest to integrate the calculation-

flow in some sort of optimisation scheme/algorithm. Optimisation of process 

parameters and composite hardness design based on the genetic algorithm 

(GA) concept [68] has been suggested [67] as a way to reduce the parameter 

sampling while achieving a target hardness.  

 

 

Figure 2.4 Graphical representation of the integration of the calculation-flow 

diagram in Figure 2.3 into the Genetic Algorithm (GA) [68] for automated 

optimisation to reach the design-goal. Figure adapted from [67]. 

 

Genetic algorithms, e.g. Ref.[68], are optimisation or search algorithms 

inspired by evolution and natural selection. Generations of parameter sets are 

randomly generated and evaluated against an environment-function. Only the 

fittest candidates “survive” and are evolved, through probability-based 

mutations, to become part of the successive generation. This type of 

algorithm is intended to reduce the total number of tested parameter sets but 

also to provide a finer mesh around the optimised parameters – thereby 

directly giving an indication of the robustness of the optimum solution. Since 

the environment-function can be customised by the user it is easy to prioritise 



19 
 

certain property targets by giving them a heavier weight in the function, 

enabling customised property trade-off with minimum workload.  

2.3 Experiments for model development, 

calibration and validation 

ICME, and the materials design approach, rely on robust and accurate models 

to design and develop new materials. Due to the structure of an ICME-

framework, where output from one model is used as input for another, any 

errors or uncertainties introduced in the creators will propagate through the 

translators all the way to the performers. At the same time, it doesn’t matter 

how accurate an individual linkage-tool is if the others are unreliable. It is 

therefore critical to validate and calibrate all linkage-tools with selected high-

quality experimental data to minimise uncertainties in the final design. 

Furthermore, without proper experimental data it may be difficult to focus 

simulation and modelling efforts on the most critical links in the design chart.  

A clear example of model development inspired, calibrated and validated by 

experimental data is the solid solution hardening (SSH) model [4] included 

in the hardness sub-system. The model was motivated by the need for a 

generic model describing the deviation from Vegard’s law [69] observed in 

the hardness variation for binary alloy systems. It was developed in a form 

inspired by CALPHAD-style models for binary interactions but the 

parameters for binary strengthening were fitted to experimental hardness data 

instead of thermodynamic quantities, here in a simplified form: 

 

𝐻𝑆𝑆𝐻 = ∑ 𝐻0
𝑖 𝑥𝑖

𝑖

+ ∑ ∑ 𝐴𝑖𝑗(𝑥𝑖𝑥𝑗)
2
3

𝑁

𝑖>𝑗

𝑁

𝑗=1

 

 

(2.1) 

where, 𝐻𝑆𝑆𝐻 is the hardness of the solid solution strengthened alloy, 𝐻0
𝑖  is the 

intrinsic hardness and 𝑥𝑖  is the molar fraction of element 𝑖, and 𝐴𝑖𝑗  is the 

binary interaction parameter for elements 𝑖  and 𝑗 . Using fitted binary 

parameters, the model was validated by calculating the hardness of higher-

order (ternary, quaternary, etc.) alloys with satisfactory agreement with 

experimental data for a wide range of alloys ranging from dilute alloys to high 

entropy alloys.  
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2.4 Methods for quality control and up-scaling  

The design of a new material is important, but still only one of the steps 

towards full-scale production and commercialisation. Before the material can 

be commercialised there is a need to qualify the material for up-scaling since 

any unexpected failure of the material will lead to additional costs and loss of 

revenue for the end user. This means that material design has to be robust 

enough, with regards to composition and process parameters, to achieve the 

required performance even when considering large-scale production with 

corresponding composition and processing variations.  

In cemented carbide industry, hardness and fracture toughness measurements 

are used to ensure consistent mechanical properties for a certain grade. Both 

of these properties can be evaluated using Vicker’s indentation [70], see 

Figure 2.5. Hardness, HV [kgf/mm2], is calculated from the diagonal length, 

𝐷[mm], of an indent for an applied load, 𝐹[kgf], according to: 

 
𝐻𝑉 = 1.854(

𝐹

𝐷2
) 

(2.2) 

while fracture toughness, 𝐾𝐼𝐶 [MPam0.5], can be calculated from the length of 

the so-called ‘Palmqvist cracks’ [71] originating from the corners of a high-

load indent according to the Shetty formula [72], for HV30 [kgf/mm2] values 

the equation is simplified to: 

 
𝐾𝐼𝐶 = 0.15(

𝐻𝑉30

∑ 𝑙
) 

(2.3) 

where 𝑙 [mm] is the crack length parallel to the indent diagonal, of the 

Palmqvist cracks, see Figure 2.5. Note that there are other ways to calculate 

𝐾𝐼𝐶 from Palmqvist cracks, most recently, Jindal [73] suggested a method for 

separating the indentation load into two parts, one load related to the indent 

and another part related to the crack formation. This approach seems to give 

a better correlation to the fracture toughness measured by standardised 

fracture mechanics methods, such as Chevron notch measurements.   
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Figure 2.5 A high load Vicker’s indent with cracks emanating from the corners. HV 

is evaluated from the diagonal length of the indent for a specific load, F, while 𝐾𝐼𝐶  

is evaluated as a function of crack length and indent size.  

 

However, these values are not always enough to monitor minor, but critical, 

process variations. The saturation magnetisation, 𝑀𝑆𝑎𝑡  [Am2/kg], and 

magnetic coercivity, 𝐻𝐶  [kA/m], are therefore used to quantify the composite 

C-content and carbide grain size, respectively. Well-established empirical 

relations are available in e.g. [70]. 𝑀𝑆𝑎𝑡 is given by: 

 𝑀𝑆𝑎𝑡 = 𝑚𝐶𝑜(𝑀𝑆𝑎𝑡
𝐶𝑜 − 𝑘𝑚𝑊

𝐶𝑜) (2.4) 

where 𝑀𝑆𝑎𝑡
𝐶𝑜  is the saturation magnetisation of pure Co. 𝑚𝐶𝑜 and 𝑚𝑊

𝐶𝑜 are the 

mass% Co in the composite and mass% W in the binder, respectively, and 𝑘 

is a fitting parameter. In this equation the C-content of the WC-Co sample is 

implicitly involved since 𝑚𝑊
𝐶𝑜 is very sensitive to C-content, as shown in e.g. 

Refs.[3, 74].  

𝐻𝐶, on the other hand, is not correlated to Co-based binder composition but 

to the two main microstructure parameter, carbide grain size and binder 

content, as given by e.g. the empirical fit: 
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𝐻𝐶 = 1.44 + 0.04𝑚𝐶𝑜 +

12.47 − 0.37𝑚𝐶𝑜

𝑑𝑊𝐶

 
(2.5) 

Both 𝑀𝑆𝑎𝑡 and 𝐻𝐶 can be determined from a magnetic hysteresis curve, see 

Figure 2.6a. The hysteresis curve can be extracted from measurements using 

a VSM (vibrating sample magnetometer). The basic principle of the VSM is 

to magnetise a sample with an external magnetic field, then make the sample 

vibrate – i.e. causing a change in the magnetic field which induces a voltage 

in the pick-up coils surrounding the sample. The voltage is proportional to 

the sample magnetisation in accordance to Faraday’s law of induction. It is 

thereby possible to extract the sample magnetisation as a function of the 

applied magnetic field strength (𝐻). 𝑀  is initially proportional to 𝐻 , but 

asymptotically approaches a certain value (𝑀𝑆𝑎𝑡) as 𝐻 is increased. When the 

external field is removed there is some residual magnetisation in the sample. 

The magnitude of the reverse magnetic field needed to neutralise the residual 

magnetisation is 𝐻𝐶 . These two magnetic properties, along with density 

measurements, are the main quality control methods used for large numbers 

of samples. Combined with metallographic investigation and hardness and 

fracture toughness measurements of a small number of samples, these 

measurements allow for comparatively fast and reliable quality control of as-

sintered cemented carbides.  

There are, in addition to 𝑀𝑆𝑎𝑡 and 𝐻𝐶, other magnetic properties that could 

be of interest for quality control of cemented carbides. We showed in Paper 

IV that one of these interesting properties is the Curie temperature, 𝑇𝐶. 𝑇𝐶 is 

extremely sensitive to even small changes in magnetic response, making it 

ideal for measuring the magnetic state of the binder phase of cemented 

carbides even in low binder content samples. 𝑇𝐶 can be measured by thermo-

gravimetric analysis (TGA) in Argon (Ar) atmosphere and an applied external 

magnetic field. Ar-atmosphere is important to avoid oxidation and the related 

weight-gain during heating. Ferromagnetic materials gain “magnetic weight” 

due to the pull of the external magnetic field whereas paramagnetic materials 

are unaffected by it. It is thereby easy to detect the transition from 

ferromagnetic to paramagnetic state of any material during heating. Typical 

TGA-curves with normalised magnetisation, 𝑀 , of the material, which is 

directly proportional to the “magnetic weight”, vs. 𝑇/𝑇𝐶 are shown in Figure 

2.6b.  
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Figure 2.6 a) Schematic of a magnetic hysteresis loop marking 𝑀𝑆𝑎𝑡  and 𝐻𝐶  b) 

Thermo-gravimetric curves for two representative WC-NiFe composites where the 

temperature is normalised to the Curie temperature. (Figure from Paper V) 
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3. Development of linkage tools and 
methods 

This chapter summarises the development of models for the ICME-

framework in Papers I-V, along with some underlying and complementary 

computational and experimental work, as well as the quality control methods 

investigated and further developed in Papers IV and V. Further details are 

available in the appended papers.  

 

3.1 Materials and experimental methods  

Some experimental techniques have been used throughout this thesis to 

analyse the microstructure as well as mechanical and magnetic properties of 

the cemented carbides. Microstructural characterization was primarily 

performed using standard scanning electron microscopy (SEM) combined 

with some energy dispersive x-ray spectroscopy (EDS) for chemical analysis 

of the binder phase. For detailed analysis of carbide grain size and binder 

phase distribution, electron backscatter diffraction was used. Some x-ray 

diffraction (XRD) was also used to analyse the phases present in the materials. 

Details on the use of these methods are available in the appended papers. For 

mechanical testing, primarily Vicker’s indentation was used, both for 

hardness and Palmqvist fracture toughness measurements, as discussed in 

Chapter 2.4. The magnetic properties were analysed using thermo-

gravimetric analysis (TGA) and a vibrating sample magnetometer (VSM), 

also as described in Chapter 2.4. 
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Figure 3.1 Calculated Fe-Ni-Co phase diagram with the binder compositions used 

in this thesis shown as black diamonds. 

 

To provide experimental input for model development, calibration and 

validation, a number of alternative binder cemented carbide samples with 

varying binder chemistries (15Ni85Fe, 72Fe28Ni, 82Fe18Ni, 70Fe12Co18Ni) 

and binder volume fraction (10, 15 and 20 vol.%) were investigated), see 

Table 3.1. Hardness was the focus in the work of Walbrühl et al. [1-4], as 

well as Paper I, while the fracture behaviour motivated the work in Papers II 

and III. The materials are plotted, see Figure 3.1, in the calculated Fe-Ni-Co 

ternary phase-diagram at 800⁰C. As can be seen, the Fe-rich binder phases 

are close to the border of the single-phase fcc region. The presence of bcc/bct 

in the microstructures of the 70Fe12Co18Ni and some of the 82Fe18Ni 

samples has been confirmed by XRD [44]. 

In addition to these samples, a series of WC-NiFe(Co) cemented carbides 

with 10 vol.% binder and varying C-content across the entire C-window, see 

Figure 3.2, were used to study the magnetic response and microstructure as a 

function of nominal composition. For details see Paper IV and V. These 



27 
 

results were then used to investigate and develop quality control methods for 

alternative binder cemented carbides.  

 

Table 3.1 Binder content, 𝑉𝑓, carbide grain size, 𝑑𝑊𝐶  from linear intercept, hardness, 

HV30, and fracture toughness, 𝐾𝐼𝐶[𝑀𝑃𝑎 ∙ 𝑚0.5], of cemented carbides from Ref. [44] 

investigated for fracture behaviour.  

Binder phase 𝐕𝐟 𝒅𝑾𝑪  HV30 𝑲𝑰𝑪 

Co 0.10 1.5 1489 11.1 

Co 0.15 1.7 1356 14.3 

Co 0.20 1.9 1281 19.9 

15Fe85Ni  0.10 1.2 1332 13.4 

15Fe85Ni 0.15 1.1 1339 12.0 

15Fe85Ni 0.20 1.2 1189 18.6 

72Fe28Ni  0.10 1.0 1491 10.7 

72Fe28Ni 0.15 1.1 1324 15.7 

72Fe28Ni 0.20 1.2 1170 47.4* 

82Fe18Ni  0.10 0.9 1674 9.1 

82Fe18Ni 0.15 1.0 1521 11.0 

82Fe18Ni 0.20 1.0 1349 20.3 

70Fe12Co18Ni 0.10 0.9 1626 9.2 

70Fe12Co18Ni 0.15 0.9 1530 10.5 

70Fe12Co18Ni 0.20 1.1 1438 12.9 

* Uncertain 𝐾𝐼𝐶 -value due to extremely short main cracks 

and multiple side-cracks of significant length. 
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Figure 3.2 a-c) Micrographs of WC-NiFe samples across the C-window. Elemental 

EDS-maps showing d)a sub-stoichiometric carbide, referred to as η-phase despite 

lacking crystallographic data based on appearance in the microstructure and 

thermodynamic calculations, and e) graphite. Figure from Paper IV. 
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3.2 Finite element simulations for binder phase 

hardness  

The experimentally measured hardness of the binder phase is often 

significantly higher than corresponding bulk alloy hardness. To gain a better 

understanding of this phenomena, we performed a nanoindentation and 

FIB/SEM study [75] of a WC-NiFe cemented carbide, sample NiFe-20, 

where the measured hardness could be correlated to the distance to the nearest 

carbide. Based on these results, we developed a model, see Paper I, based on 

the finite element method (FEM). The model enables simulation of 

indentation in elasto-platic materials confined by non-yielding substrates as a 

simplification of the real cemented carbide microstructure.   

 

Figure 3.3 a-d) Schematic of the FEM-model for indentation in confined elasto-

plastic materials.  

 

The model, schematically shown in Figure 3.3, shows qualitative, and 

reasonable quantitative, agreement with experimental nanoindentation in Al 

[76] and Cu [77] thin films, see Figure 3.4a. However, the model cannot 

quantitatively capture the trends from indentation in the geometrically 

complex binder phase, see Figure 3.4b. The experimental data set [75], blue 

triangles, is divided into two sub-sets with different ranges binder phase 

geometry. Lower 𝑟/ℎ values indicate a more narrow binder phase pocket 
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with carbides horizontally close to the indent, as seen in the figure, lower 𝑟/ℎ 

tends to result in a higher measured hardness for a given indentation depth. 

This qualitative trend is also seen in the simulations using bulk alloy 

properties, i.e. strain hardening exponent 𝑛 = 0.2 for fcc-Co, for the binder 

phase, but the quantitative effect is far weaker than experimentally observed. 

This discrepancy can to a large extent be explained by the small-scale 

deformation associated with nanoindentation. It is well-established that 

decreasing length-scales lead to increasing strain hardening effects. This is 

often simulated using strain-gradient plasticity [78] since classical plasticity 

equations are length-scale independent. Using the classical plasticity 

formulation, it is possible to mimic this length-scale effect by simply 

modifying the strain hardening exponent of the binder phase. An increase of 

n from 0.2, green shaded area in the figure, to 0.5, red shaded area, provides 

a significantly improved agreement between simulations and experiments. 

However, it is clear that a sophisticated model is needed to completely 

replicate the experimental data. Based on these results, it seems likely that a 

3D-model with more detailed local microstructure should be able to replicate 

the experimental data. 

The more easily applicable results from Paper I are summarised in the 

hardness map for varying elasto-plastic properties, see Figure 3.5. These 

results can e.g. be used to estimate the yields stress (𝜎𝑌) of an alloy based on 

the hardness value calculated with the solid solution strengthening (SSH) 

model [4] if the approximate strain hardening behaviour is known. The 

simulations have been validated against several alloy systems with known 𝜎𝑌, 

strain hardening exponent, 𝑛 , and hardness. The main limitation of this 

method is the 1-to-2 mapping from hardness to 𝜎𝑌 and 𝑛. A method to solve 

this has recently been suggested by Ref. [79] where a 2-to-2 mapping based 

on hardness and material pile-up around the indent is used. This method is 

naturally more accurate but requires detailed investigation of the pile-up by 

e.g. AFM. For many alloy systems, 𝑛 is less composition-sensitive than 𝜎𝑌 

so a reasonable approximation of 𝑛 for a specific alloy can often be made 

from similar alloys. The main use of the results in Figure 3.5 in the ICME 

framework is to extract elasto-plastic parameters from the hardness calculated 

using the solution strengthening (SSH) model.  
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Figure 3.4 a) Confinement effects in the thin film nanoindentation data (symbols) is 

relatively well-replicated using the FEM indentation model (the hardness increase 

at lower d/h is related to the indentation size effect which cannot be captured using 

classical plasticity) b) The effect of 3D-confinement on simulated binder hardness 

compared to the experimental nanoindentation in the WC-NiFe cemented carbide 

[75].  
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Figure 3.5 a) Hardness map for varying elasto-plastic properties. Note that 𝐸/𝜎𝑌 is 

part of the strength coefficient in the power-law hardening used in Paper I, and 

varying the 𝐸/𝜎𝑌 -parameter while keeping the strength coefficient constant has 

negligible effect on the hardness. b) Experimental validation of the bulk indentation 

simulations.  
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3.3 Composite fracture toughness from energy 

release rates 

There are many ways to model composite fracture toughness, however, in 

order to develop a generic modelling framework it is important to start from 

a physical concept. In this work on composite fracture toughness, the physical 

concept is the energy release rate, 𝐺[J/m2], i.e. the amount of strain energy 

released upon creating a unit area of fracture surface [80]. For elasto-plastic 

materials that undergo plastic deformation prior to fracture, the energy release 

rate can be divided in two parts, 𝐺 = 2𝛾 + 𝐺𝑝𝑙, where 𝛾 is the surface energy 

of the material and 𝐺𝑝𝑙 the energy of plastic deformation associated with the 

fracture [81-82].  

Composite energy release rate [83] can be written as the sum of all the active 

fracture mechanisms. In cemented carbides, the main fracture mechanisms, 

shown in Figure 3.6, are inter- (𝑊𝐶/𝑊𝐶, orange) and transgranular (𝑊𝐶, red) 

carbide fracture, carbide/binder interface fracture ( 𝑊𝐶/𝐵 , yellow), and 

binder rupture (𝐵, green).  

 

 

Figure 3.6 The four predominant fracture mechanisms in cemented carbides marked 

with colored arrows. Green: Binder rupture, Yellow: Carbide/Binder interface 

fracture, Red: Transgranular carbide fracture, and Orange: Intergranular carbide 

fracture.  
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Fracture toughness of cemented carbides is generally not measured in energy 

release rate but in critical stress intensity factor, 𝐾𝐼𝐶. The energy release rate-

based model for cemented carbide fracture toughness proposed is Paper III is 

thus the composite energy release rate converted to 𝐾𝐼𝐶  in the following 

forms:  

 
𝐾𝐼𝐶

𝐶𝐶 = √
𝐸𝐶𝐶

1 − 𝜈𝐶𝐶
2

(𝐴𝑊𝐶𝐺𝑊𝐶 + 𝐴𝑊𝐶/𝑊𝐶𝐺𝑊𝐶/𝑊𝐶 + 𝐴𝑊𝐶/𝐵𝐺𝑊𝐶/𝐵 + 𝐴𝐵𝐺𝐵) 
(3.1) 

where 𝐸 is the Young’s modulus, 𝜈 is the Poisson’s ratio, 𝐴 is the relative 

fracture area and 𝐺 is the energy release rate of a given fracture mechanism. 

In order to evaluate 𝐾𝐼𝐶
𝐶𝐶 it is therefore necessary to calculate (or measure) a 

large number of parameters.  

Based on literature [84-86], combined with our own experimental 

investigation in Ref.[87], an updated version of the empirical relation from 

Ref.[85] that correlates 𝑑𝑊𝐶 and 𝑉𝑓  with the fracture path can be written as: 

 
𝐴𝑊𝐶 = 100

𝑑𝑊𝐶

0.4𝑑𝑊𝐶 + 3.1
)exp (−𝛼𝑉𝑓

𝛽(𝑑𝑊𝐶)
) 

(3.2) 

 
𝐴𝑊𝐶/𝑊𝐶 = 100

3.1 − 0.6𝑑𝑊𝐶

0.4𝑑𝑊𝐶 + 3.1
exp (−𝛼𝑉𝑓

𝛽(𝑑𝑊𝐶)
) 

(3.3) 

 
𝐴𝑊𝐶/𝐵 = 100

1.1 + 0.5𝑑𝑊𝐶

1.5𝑑𝑊𝐶 + 1.1
(1 − exp (−𝛼𝑉𝑓

𝛽(𝑑𝑊𝐶)
)) 

(3.4) 

 
𝐴𝐵 = 100

𝑑𝑊𝐶

1.5𝑑𝑊𝐶 + 1.1
(1 − exp (−𝛼𝑉𝑓

𝛽(𝑑𝑊𝐶)
)) 

(3.5) 

where 𝛼 is here chosen as a constant fitting parameter and 𝛽(𝑑𝑊𝐶) as a grain 

size-dependent fitting function which modifies the slope of the exponential 

with respect to 𝑉𝑓. Fitting Eq.1 to our new fracture path measurements for 

samples Co-10, Co-15 and Co-20 yields 𝛼 = 1.5 and 𝛽(𝑑𝑊𝐶) = 1 −
1

𝑑𝑊𝐶+3
. 

The prefactor dealing with the partitioning between inter- and transgranular 

carbide fracture has not been altered compared to Ref. [85] due to insufficient 

and inconclusive data. A thorough experimental or computational study on 

the effects of grain shape and C-activity could motivate future modifications 

of the prefactor.  

The elastic properties, 𝐸 and 𝑣, of the composite can be calculated by e.g. the 

composite model from Ref.[88] using the elastic constants of the constituent 

phases and the volume fraction of binder phase:  
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𝐸𝐶𝐶 = 𝐸𝐶𝑜

𝐸𝐶𝑜 + (𝐸𝑊𝐶 − 𝐸𝐶𝑜)(1 − 𝑉𝑓)2/3

𝐸𝐶𝑜 + (𝐸𝑊𝐶 − 𝐸𝐶𝑜)(1 − 𝑉𝑓)
2
3(1 − (1 − 𝑉𝑓)1/3)

 
(3.6) 

Furthermore, the carbide and carbide/carbide interface energy release rates 

(𝐺𝑊𝐶 and 𝐺𝑊𝐶/𝑊𝐶) can be approximated as completely brittle, i.e. no plastic 

deformation. 𝐺𝑊𝐶 and 𝐺𝑊𝐶/𝑊𝐶 can thereby be calculated using e.g. density 

functional theory (DFT) as done in Ref.[89]. Using these results it is possible 

to approximate 𝐺𝑊𝐶 ≈ 8 J/m2 and 𝐺𝑊𝐶/𝑊𝐶 ≈ 4.5 J/m2. Some references [90], 

however, state that there is some (estimated to 50 J/m2) plastic deformation 

of the carbides. A recent study [91] indicates that the plastic deformation of 

WC grains is sensitive to the grain size, 𝑑𝑊𝐶 . For simplicity, the plastic 

deformation is disregarded at this stage but will be incorporated in the model 

once more conclusive data is available. What remains is thus to develop 

models for 𝐺𝑊𝐶/𝐵  and 𝐺𝐵 , as done in Paper II and summarised here in 

Chapter 3.4.   

3.4 Finite element simulations for binder phase and 

interface energy release rates 

Fractography of cemented carbides, e.g. Ref. [43], show dimples in the 

ruptured binder phase, see Figure 3.7a). The presence of dimples show that 

some amount of plastic deformation occurred prior to failure, though the 

shallow depth and the short distance in-between indicate reduced ductility 

compared to bulk alloys of similar composition [74]. The failure mechanism 

of the binder phase is thus void-growth and coalescence [92], see Figure 3.7b).  
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Figure 3.7 (a) Fractograph of a cemented carbide showing dimples in the binder 

phase b) Schematic of fracture by void-growth and coalescence based on [92].  

 

Based on the finite element method (FEM) simulations of fracture by void-

growth and coalescence in Ref.[93] and simulations of deformation in a 

confined ductile film in Ref.[94], a model for confined ductile fracture (CDF) 

was developed, see Paper II. The FEM-model consists of a thin ductile film 

sandwiched between linear-elastic substrates – similar to the local 

microstructure between two carbide grains in a cemented carbide, see Figure 

3.8a. When loading the outer boundary of the model, the voids ahead of the 

crack-tip grow until the ligament between them breaks and the voids coalesce, 

propagating the crack. By changing the thickness, ℎ, of the binder phase 

(green in the schematic) the crack growth resistance of the film decreases, as 

shown in Figure 3.8b.  



37 
 

 

Figure 3.8 a) Schematic of the CDF model. b) Crack growth resistance curves for 

varying degrees of confinement, from unconfined (squares) to highly confined thin 

film (circles).  

For WC-Co simulations we used the following elasto-plastic properties of 

WC and Co: 𝐸𝑊𝐶 ≈ 700 𝐺𝑃𝑎, 𝑣𝑊𝐶 = 0.24, 𝐸𝐶𝑜 ≈ 200 𝐺𝑃𝑎, 𝑣𝐶𝑜 = 0.31, 

Co-W-C yield strength ( 𝜎𝑌 ) ranging from 380 to 755MPa and strain 

hardening exponent of approximately 0.2 [74]. Based on the results in Paper 
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II, the following equation relating binder mean free path (𝜆) and binder 

energy release rate, 𝐺𝐶𝑜(𝜆), can be extracted:  

 
𝐺𝐶𝑜(𝜆) =

𝐺𝐶𝑜
0

10
(

𝜆

𝑥0

)

1/4

 
(3.7) 

where 𝐺𝐶𝑜
0  is the energy release rate of a bulk alloy with the same properties 

as the binder phase and 𝑥0 is the distance between the void nucleation sites. 

In the binder phase, 𝑥0 can be estimated from the dimple spacing, see Figure 

3.7. Based of initial fractographic investigations in Ref.[87], 𝑥0  is 

approximately 250 nm.  

The only remaining energy release rate to determine belongs to the 

carbide/binder interface. By modifying the strength of the interface between 

binder and carbide it is also possible to simulate the plastic deformation in 

the binder prior to, and during, carbide/binder interface fracture. Since the 

strength of the interface is unknown, it is introduced as 𝛼𝜎𝑌, where 𝛼 is a 

fitting parameter and 𝜎𝑌 is the yield stress of the binder phase. The interface 

influences the interface energy release rate as follows (based on the results in 

Paper II):  

 
𝐺𝑊𝐶/𝐶𝑜(𝜆) =

𝛼

100

𝜆

𝑥0

0.65

𝐺𝐶𝑜
0  

(3.8) 

Based on the kinetic solubility calculations from Ref. [3], the W-content in a 

Co-binder ranges from approximately 0.6 to 6 at.%. Experimental 𝜎𝑌  for 

these compositions range from 450-650 MPa which results in a FEM-based 

energy release rate for a binder-like bulk alloy of: 

 
𝐺𝐶𝑜

0 ≈ 5.67 ∙ 10−3
𝜎𝑌

2

𝐸
 [𝐽/𝑚2] 

(3.9) 

Using the calculated solubility of the binder phase [3] as function of the 

carbon activity with respect to graphite, 𝑎𝐶
𝑔𝑟𝑎𝑝ℎ

, and an empirical fit of 𝜎𝑌 

based on the results in Ref. [74]: 

 𝜎𝑌( 𝑎𝐶
𝑔𝑟𝑎𝑝ℎ

) = 500 𝑎𝐶
𝑔𝑟𝑎𝑝ℎ −0.321

 [𝑀𝑃𝑎] (3.9) 

it is possible to calculate the binder phase energy release rate based on 

thermodynamic calculations. All these equations play an integral role in the 

cemented carbide fracture toughness model developed in Paper III as well as 

in the development of a theoretical fracture path model, see the discussion on 

future work in Chapter 6. 
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3.5 Cemented carbide fracture toughness – 

calculation-flow, calibration and validation 

The calculation-flow diagram for the fracture toughness sub-system is shown 

in Figure 3.9. Note the similarities with the calculation-flow diagram for the 

hardness sub-system (Figure 2.3). The hardness and toughness composite 

models require similar phase-level input properties which are dependent on 

binder phase composition and mean free path, and the carbide grain size.   

The energy release rate for binder fracture is calculated from the 

corresponding energy release rate of a bulk alloy, i.e. identical elasto-plastic 

properties and initial void distribution, and the CDF-results with the loss of 

binder toughness with decreasing thickness from Paper II, see Figure 3.8b. 

Since the interface strength is unknown, the interface strength parameter 

needs to be calibrated to experimental 𝐾𝐼𝐶-values, e.g. the ones listed in Table 

3.1. However, experimental Palmqvist 𝐾𝐼𝐶  is known to deviate towards 

extremely high values for tougher cemented carbides. The Palmqvist 𝐾𝐼𝐶-

values are therefore translated to Chevron notch 𝐾𝐼𝐶  using an empirical 

relation based on Ref. [95]. Model calibration was therefore performed using 

the corresponding Chevron notch 𝐾𝐼𝐶 of the WC-Co samples listed in Table 

3.1, see the red circles in Figure 3.10. 

Combining the energy release rates from Eqs. 3.4.2 and 3.4.3 and the 

empirical fracture path from Eqs. 3.3.2-5 with the elastic constants calculated 

using the Paul model [88], and the DFT-based 𝐺𝑊𝐶  and 𝐺𝑊𝐶/𝑊𝐶 , the 

calibrated model is ready for use. Based on experimental 𝑑𝑊𝐶  and 𝑉𝑓, the 

experimental 𝐾𝐼𝐶 values of a validation data-set [96-102] can be reasonably 

well replicated, see the grey diamonds in Figure 3.10. The validation data-set 

contains 𝐾𝐼𝐶 -values from a number of experimental studies [96-102] of 

cemented carbides with microstructural parameters in a much wider range 

than the calibration data-set.  
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Figure 3.9 Calculation-flow diagram for the fracture toughness sub-system of the 

ICME-framework. Green marks models developed in the papers included in this 

thesis, blue marks models previously developed at KTH/MSE, white marks models or 

data taken from literature, red marks the next critical model (under development, see 

Chapter 3.5) for extension of the model to alternative binder cemented carbides.  

 

When applying the same model to the alternative binder cemented carbides 

in Table 3.1, there is a larger scatter even when using the experimentally 

measured fracture path for these samples, data available in Ref. [87]. 

However, when analysing the hardness data for these alternative binder 

cemented carbides and the required adjustment of 𝐺𝐵(𝜆), 𝐺𝐵(𝜆) = 𝜒𝐺𝐶𝑜(𝜆), 

an interesting, though perhaps not very surprising, trend can be seen. It is 

shown in Figure 3.11 where the pre-factor, 𝜒, needed to fit the calculated 

toughness to the experimental 𝐾𝐼𝐶 of the alternative binder cemented carbides 

is plotted as a function of composite hardness normalised to the hardness for 

a WC-Co material with corresponding 𝑉𝑓 and 𝑑𝑊𝐶.   
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Figure 3.10 Correlation between calculated and measured fracture toughness of our 

reference WC-Co used for model calibration (red circles) and literature data for a 

wide range of WC-Co cemented carbides (grey diamonds) [96-102].  

 

Figure 3.11 The correlation between composite hardness deviation with respect to 

WC-Co and the fitting parameter 𝜒  for the effective 𝐺𝐵(𝜆)  to fit the alternative 

binder fracture toughness. 
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Despite the scatter in the data, a general trend that a softer composite 

correlates to a tougher binder phase can be inferred. This may seem trivial 

but the scatter of the data shows that additional effects, such as binder phase 

distribution and carbide grain shape, in addition to binder phase properties, 

may have a significant influence on the composite properties and may need 

to be accounted for in future development of the ICME framework.  

3.6 Methods for quality control of alternative binder 

cemented carbides  

In Paper IV and V, we used TGA-measurements for 𝑇𝐶  and VSM-

measurements for 𝑀𝑆𝑎𝑡 and 𝐻𝐶 to understand the magnetic response of WC-

NiFe cemented carbides with varying C-content and the correlation to 

composition and microstructure (analysed by SEM/EDS/EBSD/XRD). The 

results are summarised as follows:  

Based on the results in Paper V, shown here in Figure 3.12, Eq. 2.4 seems to 

be generalizable for fcc-binders to:  

 𝑀𝑆𝑎𝑡 = 𝑚𝐵(𝑀𝑆𝑎𝑡
𝐵 − 𝑎𝐵𝑚𝑊

𝐵 ) (3.10) 

where 𝐵 denotes the binder phase without any dissolved W or C. 𝑎𝐵 is here a 

composition-dependent fitting parameter. As shown in Paper V, the DFT-

based equations developed in Refs.[103-104] can be used to calculate both 

𝑀𝑆𝑎𝑡
𝐵  and 𝑎𝐵 with high accuracy. Combining the DFT-based approach with 

kinetic simulations, see Ref. [3], of binder W-solubility at different C-content 

makes it possible to a priori calculate the effect of binder composition and 

composite C-content on measured 𝑀𝑆𝑎𝑡.  

As shown in Paper IV, 𝑇𝐶 of the WC-NiFe is extremely sensitive to the C-

content. At the η-phase limit of the C-window, 𝑇𝐶 is as low as 200○C while it 

exceeds 500○C at the graphite limit. This correlates very well to the increase 

in 𝑀𝑆𝑎𝑡 with increasing C-content, see Figure 3.12. Since 𝑇𝐶-measurements 

are independent of binder content they can be used to calibrate Eq. (3.3) if 

there is any uncertainty regarding binder content. The composition 

dependencies of 𝑀𝑆𝑎𝑡 and 𝑇𝐶 have been validated by measurements on arc-

melted bulk alloys with compositions similar to that of the WC-NiFe binder 

phases, thereby excluding any significant composite effects [105].  
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Figure 3.12 Magnetic properties of the WC-NiFe cemented carbides with varying C-

content. A strong correlation between 𝑀𝑆𝑎𝑡  and 𝑇𝐶  was found for these materials. 

Figure from Paper V. 
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Microstructure analysis, see Figure 3.13, of the WC-NiFe samples showed a 

similar trend for carbide grain size distribution as reported in Ref.[60] for 

WC-Co, i.e. increasing grain size with increasing C-content. In addition to 

the confirmation that this trend is valid also for WC-NiFe, the results can be 

used for further development and validation/calibration of existing creator 

tools, such as the prismatic grain growth model developed in Ref. [25].  

 
Figure 3.13 a-c) EBSD maps with grains coloured according to grain size for WC-

NiFe with varying C-contents a) eta-phase limit, b) centre of C-window and c) 

graphite limit. d) Cumulative carbide grain size distribution for C-contents across 

the entire C-window. Figure from Paper V. 

𝐻𝐶 of the samples could, however, not be directly correlated to 𝑑𝑊𝐶. It was 

necessary to analyse the binder phase distribution/mean free path (λ) to find 

a correlation to 𝐻𝐶 similar to the one established for WC-Co, see Figure 3.14. 

This was explained by the inhomogeneous binder phase distribution in the 
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low-C samples (they contain large binder lakes) which can be attributed to 

insufficient wetting of the liquid binder phase on the carbide grains. The 

conclusion is thus that optimised sintering – or a model correlating binder 

lake size and density to the liquid binder wetting-angle – is necessary before 

generalised 𝐻𝐶 - 𝑑𝑊𝐶  relations can be developed for alternative binder 

cemented carbides.  

 

 

Figure 3.14 a) 𝜆 - 𝐻𝐶  relation b) Binder lakes at the eta-limit c) relatively 

homogeneous binder distribution at the graphite limit. Figure from Paper V. 
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4. Computational materials design of 
cemented carbides 

In this chapter the fracture toughness model is integrated in the ICME-

framework developed in Ref. [1] to enable property trade-off. Integration into 

the GA is also done to try out the optimisation scheme for conflicting 

properties. Finally, examples design of WC-Co cemented carbides for mining 

drill-bits are made and compared to experimental data.  

4.1 Simplified hardness and toughness calculation-

flow  

Due to the long calculation times related to the FEM-simulations in this work 

and the kinetic solubility [4] and grain growth [25] simulations, a simplified 

calculation-flow is implemented, see Figure 4.1. Grain growth is here 

assumed to be completely controllable (initial grain size distribution, 

sintering time and temperature can be chosen without restriction), the grain 

size is thereby a freely adjustable input parameter within the range of 0.2 to 

5 μm. Similarly, binder volume fraction is freely adjustable within the range 

0.05-0.4. The kinetic solubility of W and C in the Co-binder is tabulated as 

function of C-activity based of Ref. [3]. The solid solution strengthening 

model is implemented for Co-W-C based on Ref. [4] and used to calculate 

the yield stress of the Co-W-C binder phase based on the results for FEM-

indentation results from Paper I. The binder phase toughness/fracture energy, 

𝐺𝐶𝑜(𝜎𝑌), is thus C-activity dependent and the binder mean free path (λ) effect 

on confined ductile fracture is calculated using Eq. 3.7. Eqs. 3.2-3.5 are used 

for fracture path calculations.  
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Figure 4.1 Calculation-flow diagram for the composite hardness & toughness 

calculations. Models and methods are colour-coded according to origin: blue were 

developed in Ref.[1], green were developed in this thesis, yellow is ongoing work 

within the Hero-m 2i Hard materials project, and white is available in literature but 

may require further development.  

4.2 Property trade-off as validation of the 

calculation-flow 

The combined ICME-framework for cemented carbide hardness and 

toughness has reached a maturity-level where property trade-off calculations 

are possible. Given the simplifications discussed above, the calculation-flow 

should be validated by replicating experimental hardness-toughness data. The 

experimental “banana-curve” available in literature (and shown in Figure 1.3) 

is a good starting point for the validation. The calculated curves (lines) are 

compared to experimental data (markers) in Figure 4.2. As can be seen, the 

general trend of the calculated hardness-toughness curves agrees well with 

experimental data. There is, however, some discrepancy with regards to the 

carbide grain size effect (especially for submicron and extra coarse grains), 

likely originating from the narrow grain size range used for both hardness and 

toughness model calibration. 
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Figure 4.2 Calculated hardness-toughness “banana-curves” (lines) for WC-Co with 

varying grain size (𝑑𝑊𝐶=0.2, 0.7, 1.7, 5.0 μm) and binder content (𝑉𝑓=[0.06-0.40]). 

The results are compared to experimental data (diamonds) from Figure 1.3.  

 

Despite remaining limitations with regards to binder phase composition and 

fracture path, the current framework shows the potential of designing 

cemented carbides with not only a single desired property but with a 

combination of conflicting properties.   
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4.3 Example design of WC-Co cemented carbides  

Using the simplified calculation-flow as described in chapter 4.1, preliminary 

microstructure design examples for mining drill-bits and metal-cutting inserts 

are performed. Note that the models are not specifically calibrated to these 

types of WC-Co grades and do not include minor alloying elements or 

secondary carbides. The computationally determined design spaces, i.e. the 

microstructural parameter space that can achieve the desired mechanical 

properties for these applications, are shown as yellow shaded areas in Figure 

4.3. The blue and green shaded areas mark the empirical design spaces from 

Figure 1.2.  

 

Figure 4.3 Materials design cross-plot of WC-Co Palmqvist fracture toughness 

(black lines) and Vicker’s hardness (blue dashed lines). The yellow shaded areas 

show the computed microstructural design spaces corresponding to the empirical 

design spaces (from Figure 1.2) for rock drilling and metal cutting, shaded in blue 

and green, respectively. 
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Despite the discrepancies between the computationally determined design 

spaces and the empirical design spaces, the ICME-framework can clearly be 

used to guide materials development for both mining and metal cutting if the 

design objectives are translated to target hardness and toughness values. The 

accuracy of the predictions can naturally be improved, both by calibration to 

specific data-sets and continued model development. Incorporation of 

secondary carbides and grain growth simulations in the presented calculation-

flow will further enable design of process parameters which are required to 

achieve these design objectives from powder to sintered components. 
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5. Connection to Agenda 2030 and 
the Sustainable Development 
Goals 

Agenda 2030 is a UN resolution accepted by the general assembly in 

September 2015. The agenda is an action plan that all 193 membership states 

of the UN have agreed upon to achieve a socially, environmentally and 

economically sustainable world until year 2030 [106]. The agenda is centred 

on the 17 Sustainable Development Goals, see Figure 6.1.   

 

 

Figure 5.1 The 17 Sustainable Development Goals of Agenda 2030. Figure from Ref. 

[107]. 

 

These goals are very ambitious and cannot be achieved without joint efforts 

from a wide range of activities in different parts of society. Realising these 

goals become even more of a challenge when considering that none of these 

goals are intended to be achieved on the expense of any of the others. It is 

thereby not possible to treat this as a simple trade-off or optimisation problem. 

The scientific community has a responsibility to contribute with knowledge, 

scientific facts and sound analysis to guide politicians, industry and the civil 

society towards the more effective and efficient strategies for reaching these 

goals. Furthermore, scientific breakthroughs, and the subsequent transition of 

these into industry, are critical to enable truly sustainable solutions.  
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Materials design and ICME are core concepts for future materials research 

and development, and are ideally positioned between purely explorative 

materials research and application-driven materials selection/engineering to 

guide the explorative research towards the discoveries that are feasible to be 

rapidly implemented in industry. These methods are also well-suited to 

support industry to optimise existing materials for improved performance, 

substitution of toxic or scarce raw materials, or design a completely new 

material with the unique properties required for a particular application – 

reducing the need for e.g. excessive safety margins on material thickness or 

material properties. These methodologies are directly able to contribute 

toward several of the 17 goals. Goal 8: Decent work and economic growth, 

as tools for substitution or elimination of toxic, or expensive, raw materials 

while maintaining product performance. Goal 9: Industry, innovation and 

infrastructure, by contributing to new materials with improved properties that 

enable innovation and light-weighting of components, or simplified 

processing that reduces production lead times and costs. Goal 12: 

Responsible consumption and production, by aiding in substitution or 

elimination of critical raw materials (toxicity, scarcity, conflict minerals, etc.) 

or processes (energy- or resource-inefficient, hazardous, environmental 

impact, etc.). It is possible to argue for contributions toward other goals as 

well, e.g. goal 3: Good health and well-being, goal 7: Affordable and clean 

energy, goal 11: Sustainable cities and communities, and goal 16: Peace, 

justice and strong institutions, depending on the application.  

This work specifically, at least from my perspective, contributes, in the long 

term, to goals 3, 8, 9, 12 and 16 since it aims to substitute cobalt which is a) 

carcinogenic in powder form – leading to work-related hazards during 

production; b) a conflict mineral that funds e.g. warlords in the DRC; c) 

mined under inhumane conditions by e.g. child labourers; d) expensive raw 

material with unstable supply and cost. Note that the cobalt used in cemented 

carbide industry is not necessarily mined in conflict regions or under these 

conditions, however, the global demand for cobalt minerals has increased 

greatly in recent years, promoting this type of mining. 

Throughout my PhD studies I have also taken part in teaching Bachelor and 

Master students at the materials science department at KTH and supervised a 

couple of student projects related to materials modelling and materials design 

– through these interactions the work in this thesis may also have contributed, 

if ever so slightly, to goal 4 (quality education).  
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The above-mentioned contributions are of-course not automatically or easily 

realised or measured, as complex and important as materials are, the world 

we live in is many times more complex. How does e.g. reduced demand for 

certain raw materials influence the people living in the mining regions – can 

we ensure goal 1 (no poverty) and 2 (no hunger) while shutting down mining 

operations, and how do we reduce global inequalities (goal 10, reduce 

inequalities) by e.g. substituting cobalt from DRC by iron from Sweden.  

Regardless of these concerns, it is crucial to have the necessary tools and 

knowledge to even make this judgement call and eventually choose the path 

forward.  
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6. Outlook and concluding remarks  

The purpose of the present work was divided into two main parts: the 

continued development of an ICME-based framework for computational 

materials design of cemented carbides, and the investigation of magnetic 

measurements for quality control of alternative binder cemented carbides.  

As always, there are plenty of interesting directions in which this work could 

be continued. For both the materials design and the up-scaling/quality control 

aspects of this work, the focus has not been a simple quick-fix that only works 

for a particular material but instead on more generalised understanding and 

model/methodology development. It is thereby possible to take the separate 

models or calculation-flows and apply these to completely different materials. 

E.g. the FEM-results from paper I and II are applicable to any material with 

power-law strain hardening, and the magnetic measurements used for 

composition and microstructure analysis can (relatively) easily be adapted to 

other material systems. Below are suggested examples of efforts for 

continued development of the ICME-framework and the generalised up-

scaling/quality control methodologies. Special attention is put on the fracture 

path modelling, for which a modelling concept is outlined.  

Suggested work for continued development of the ICME-framework for 

materials design:  

 Develop a fracture path model based on microstructure and phase-

level properties (an idea is outlined in Chapter 6.1) 

 Temperature dependent properties of the constituent phases (planned 

work within the Hero-m 2i Hard Materials project) 

 Multi-phase binders, including martensite (initial work performed in 

the Hero-m and NoCo projects)  

 Extending the models to include secondary carbides or carbo-nitrides 

(efforts initiated at KTH, MSE) 

 Implementing gradient sintering simulations in the calculation-flow 

to enable location-specific property design 

It is possible to envision an even larger scope of future work but these are 

some of the, in my personal view, more critical aspects to widen the scope 

and applicability of the present ICME-framework.  

Suggested work towards standardised quality control methods for rapid up-

scaling: 
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 Extend the saturation magnetization equation to other crystal 

structures and multi-phase binders (relevant not only for cemented 

carbides, e.g. steels or HEAs could be quickly evaluated with this 

method) 

 Calculate (and validate) the coefficient for change of magnetization 

for a wider range of binders and alloying elements (e.g using the 

DFT-based method), including the effect of binder crystal structure 

(bcc, bct, hcp) 

 Investigate the correlation between saturation magnetization and 

Curie temperature with respect to W-addition (or other paramagnetic 

alloying element of choice) for a wider range of materials  

 Develop a general, physics-based model for Curie temperature 

 Further exploration, and eventually model development, for 

magnetic coercivity as function of binder phase distribution (size and 

shape) – the determining factor is not necessarily the binder mean 

free path 

 Investigate e.g. magnetic susceptibility measurements for phase 

transformation tracking  

6.1 Potential direction for fracture path modelling 

After developing models for the different energy release rates, the remaining 

obstacle to complete computational prediction of fracture toughness of 

cemented carbides with both conventional and alternative binders is a 

theoretical or computational model for the fracture path. Based on the fracture 

toughness modelling performed in this thesis, a potential direction of fracture 

path modelling has been developing in my mind. Note that the model outlined 

below is in the start-up/idea phase and will require substantial work before 

being incorporated in the ICME-framework. 

The main idea of this model is to utilise the probability of a crack advancing 

in the composite through a certain mechanism based on the microstructural 

parameters and the energy release rates of the different fracture mechanisms. 

Given the homogeneous and random distribution of carbide grains in the 

microstructure it is not far-fetched to assume that the orientation of a crack 

with regards to any individual grain is random. On the other hand, studies 

[108] have shown that the aspect ratio of WC grain vary significantly between 

different grades.  
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Figure 6.1 Schematic view of the 2D-problem of crack propagation orthogonal to 

the basal plane, assuming ideal triangular shape without prism-truncation.  

 

If one assumes that the basal plane is predominant in the microstructure, a 

first approximation of the crack-propagation problem could be that a crack 

through a carbide primarily propagates along crystallographic planes 

orthogonal to the basal plane. Together with the assumption that a 

propagating crack has a constant “depth”, this allows for a simplification of 

the 3D crack-propagation to a 2D-problem schematically outlined in Figure 

3.9. This approach should naturally be applied for the opposite case as well, 

where the prismatic planes are dominant, but that introduces the complication 

of the grain aspect ratio, therefore the basal plane was chosen as a starting 

point for conceptual model development.  

If the crack propagation is viewed as a series of repeated crack-nucleation-

and-growth events on a length-scale similar to a relevant microstructural 

length scale (in the order of 𝑑𝑊𝐶), it is possible to divide the different crack-

segments into carbide- and binder-nucleated cracks. In the case of a carbide-

nucleated crack, the crack can propagate from point α to point Ω straight 

through the carbide or partly through the carbide and partly along the 

interface, as indicated by the angle 𝜃 in Figure 6.1. The interface can either 

be C/C or C/B interface, as dictated by the contiguity of the carbide grains. If 
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a crack nucleates in the binder, the subsequent crack-propagation can occur 

through the binder only, or through the binder and the C/B interface, as 

indicated by the angle 𝜑.  

Crack propagation through a given angle (𝜃 and 𝜑 respectively), is then given 

as a probability (p(𝜃) or p(𝜑)) based on the energy release rate along that 

given path (𝐺(𝜃)), relative to all other possible angles in accordance with:  

 
𝑝(𝜃) = 𝐺(𝜃)−1/ ∫ 𝐺(𝜃)−1𝑑

𝜋/2

−𝜋/2

𝜃 

 

(6.1) 

𝐺(𝜃) is the sum of the energy release rates along the crack path. The energy 

release rate of the interface during carbide-nucleated fracture is the 

contiguity-weighted average of the 𝐺C/C and 𝐺C/B. Finally, the probability 

that a crack-section nucleates in the carbide or the binder can, as a first step, 

be assumed to be equal to the phase fraction – this will be more rigorously 

treated in the future.  

All-in-all, by applying this model using input regarding 𝐺C/B and 𝐺B from 

paper II, the model at its current state yields the results shown in Figure 6.2.  

The model in its current state replicates the Sigl & Exner [85] empirical 

relations rather well for medium grain sizes (dWC=1-1.5 μm) as well as the 

general trends for Vf  but needs further development to fully capture the 

effects of dWC as well as the influence of binder chemistry. The grain size 

effect may be improved by a more rigorous treatment of the carbide shape 

while the influence of binder chemistry requires some additional FEM-

analysis and modelling of the binder phase elasto-plastic properties. Once this 

is done, the model can be validated against fracture path measurements. 
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Figure 6.2 Preliminary results from the fracture path model under development. Blue 

shows the sum of transgranular and intergranular carbide fracture, red shows the 

carbide/binder interface fracture and black shows binder rupture as function of 

binder volume fraction.  

 

6.2 Concluding remarks 

Some final thoughts on this type of research: Even though the progress 

sometimes may seem slow and the immediate impact on society or the 

environment feels distant or even insignificant, it is important to see this the 

bigger picture and the longer time-scales. Not too long ago, many industries, 

and even researchers, would say that computational design, or even 

computationally aided design, of materials was unthinkable or far off into the 

future. Even though property trade-off between hardness and toughness of 

WC-Co is long-established empirically, and the current models need further 

improvement to completely capture the influence of alternative binders, the 

know-how, tools and property maps generated in this work will allow for 

faster development of similar tools for different systems and hopefully 

contribute to a more general acceptance of computational materials design in 

both industry and academia.  
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