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List of Abbreviations 

Chemical elements and compounds 

Here all chemical elements and compounds mentioned in the text body are listed. In the text, 

they are introduced in the form of e.g. tungsten (W) and afterwards used in abbreviated form. 

W Tungsten 

C Carbon 

WC Tungsten carbide 

Co Cobalt 

TiC Titanium carbide 

TaC Tantalum carbide 

B Boron 

TiN Titanium nitride 

TiB2 Titanium diboride 

WO3 Tungsten trioxide 

CoWO4 Cobalt tungstate 

CO2 Carbon dioxide 

 

Terminology 

In the following all technical terms either used repeatedly in the text body or in equations are 

listed. They are introduced identically as chemical elements but are, in contrast, given in italics. 

BIC ball-in-cone (test/ test setup) 

FE Finite element (simulation) 

Rmetal Atomic radius of a metal 
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Rnon-metal Atomic radius of a non-metal 

FCC Face-centered cubic (lattice) 

HCP Hexagonal close-packed (lattice) 

t Thermal expansion coefficient 

 Thermal conductivity 

LEFM Linear elastic fracture mechanics 

K Stress intensity factor 

KIC Critical stress intensity factor (mode 1) 

 Stress 

RT Room temperature 

R-curve Crack-growth resistance-curve 

PVD Physical vapor deposition 

CVD Chemical vapor deposition 

ROI Region of interest 

R Stress ratio 

P1 Central position 

P2 Outer-fringe position 

P3 Inner-fringe position 

FIB Focused ion beam 

SEM Scanning electron microscope / microscopy 

SE Secondary electron (contrast mode) 

EBS Electron back-scatter (contrast mode) 
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D-- Abbreviation for specimen type (with added number) 

Ømax Maximum measurable diameter 

ND Size category: Nanodefect (Ømax < 0.1 µm) 

MD Size category: Microdefect (0.1 µm < Ømax < 1 µm) 

TI Shape category: Ømax ≥ 3* Ømin 

TII Shape category: Ømax < 3* Ømin 

TIII Shape category: Hybrid of TI and TII shape 

D Size category: Defect (Ømax > 1 µm) 

CWC Contiguity of tungsten carbide 

CW̅C Average of contiguity values of tungsten carbide 

SWC/WC WC to WC interface area in a specimen 

SWC/Co WC to Co interface area in a specimen 

NWC/WC Number of WC to WC transitions along a line in a cross-section 

NWC/Co Number of WC to Co transitions along a line in a cross-section 

Std Standard deviation 

lCo Mean free path in cobalt 

thCo Thickness of cobalt sections along a line in a cross-section 

NCo Number of cobalt sections along a line in a cross-section 
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Kurzfassung 

In der metallverarbeitenden Industrie gehören WC-Co Hartmetalle zu den wichtigsten 

Werkstoffen für Werkzeuge. Sie werden zum Beispiel zum Fräsen höchstfester Materialien 

genutzt. Ihre Lebendsauer wird aber oft durch Defekte im Hartmetallsubstrat begrenzt. Zu den 

Hauptgründen für Defektinitiation und -wachstum zählen die signifikanten, multiaxialen Lasten 

und hohen Temperaturen an den Schnittkanten solcher Fräswerkzeuge. Derzeit gibt es einen 

Mangel an Testmethoden, die diese Bedingungen kontrolliert nachstellen können. In dieser Arbeit 

nutzt ein neuartiger Ball-in-Cone Test einen sphärischen Indenter und eine geneigte 

Probenoberfläche zur Aufbringung multiaxialer zyklischer Lasten in einer Vakuumkammer bei 

700 °C. Mit diesem Aufbau wurden mit TiN-TiB2 hartbeschichtete WC-12 wt. % Co 

Hartmetallproben mit einer durchschnittlichen Karbidkorngröße von 2 µm hinsichtlich ihres 

Kontaktermüdungsverhaltens geprüft. Die Gefüge der Proben wurden im 

Rasterelektronenmikroskop an mittels fokussiertem Ionenstrahl eingebrachten Schnitten 

dokumentiert. Die im Substrat auftretenden Spannungen wurden mit einer Finite Elemente 

Simulation untersucht. Dazu wurde ein das Kriechverhalten berücksichtigendes und 

experimentell parametrisiertes Materialmodell genutzt. Die Simulation ergab Spannungen, die 

vom reinen Druckbereich bis hin zu Zug-Druckspannungen reichten. Trends in der 

Defektentwicklung bis zu 10.000 Lastzyklen wurden mit der eingebrachten Mittelspannung in 

Verbindung gebracht. Eine Mischung aus zyklisch eingebrachten Zug-Druckspannungen führte 

immer zu einer höheren Defektanzahl als reine Druckspannungen. Mit dem Ball-in-Cone Test kann 

so die Schadensinitiation in multiaxialen Lastsituationen bei hohen Temperaturen untersucht 

werden. 
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Abstract 

In the manufacturing industry, WC-Co hard metals are among the most important tool 

materials. They are used for machining applications like the milling of high-strength materials. 

Their lifespan is often limited by defects in the hard metal substrate. Among the main causes for 

defect initiation and growth are the significant multi-axial loads and high temperatures present 

e.g. at the cutting edge of milling inserts. Presently there is a lack of testing methods capable of 

reproducing such conditions in controlled environments. In the current work a novel ball-in-cone 

test setup utilizes a spherical indenter and an inclined sample surface to introduce cyclic multi-

axial loads into the specimen substrate in isothermal conditions. The setup is used to study the 

contact fatigue behavior of TiN-TiB2 hard-coated WC-12 wt.% Co hard metal specimens with a 

mean grain size of 2 µm. Cyclic loads of a level comparable to that seen at the cutting edge of 

milling tools were applied to tested specimens at a temperature of 700 °C induced via eddy 

current heating in a vacuum. The specimens’ microstructures were documented using scanning 

electron microscopy on sections exposed via focused ion beam milling. The stress situation in the 

specimen substrate was studied with a finite element simulation using an experimentally 

parameterized materials model also considering creep. The simulation showed stresses ranging 

from mainly compressive to tensile-compressive. Defect formation trends at up to 10,000 load 

cycles could be correlated with the applied stress ratio. Positions subjected to a combination of 

tensile and compressive stresses showed a significantly higher defect formation rate than 

positions with mainly compressive stresses. The defect initiation behavior in specimens under 

multi-axial loads at elevated temperature can be studied using the ball-in-cone test method. 
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1. Introduction 

Almost a century has passed since the first industrial application of a tungsten carbide-

cobalt (WC-Co) hard metal metalworking tool [1], [2, pp. 3–4]. Since then, the importance of these 

WC-Co hard metals has increased significantly; their unique mechanical strength and wear 

resistance enabled and fueled ever-improving manufacture and processing of metals and alloys 

of increasing strength [1]. In recent decades, the fatigue behavior of WC-Co hard metals has seen 

increased attention [3]–[8]. The modern drive towards tool-life optimization lead to a growing 

focus on damage initiation and crack propagation [9]–[15].  

At the beginning of the current work a theoretical examination of the studied material 

with respect to current literature is given. The focus lies on the WC and Co system, the failure 

mechanisms of WC-Co hard metals and their applications. The main part of the presented work 

considers a novel test method, the ball-in-cone (BIC) test setup, which is proposed as a means to 

study damage initiation mechanisms in hard coated specimen. Besides the concept design, a 

standard methodology for use of the ball-in-cone test will be proposed as guideline for future 

applications. In addition to experiments, a finite element simulation by Krobath [16] will be 

discussed with a focus on the implications for the practical application of the test. Using the BIC 

test, the damage initiation in the substrate of TiN-TiB2 hard-coated WC-12 wt.% Co hard metal 

specimen with a mean grain size of 2 µm was studied with the results presented and discussed in 

the following. The core questions of this thesis regarding the usability of the test, the validity of 

the simulation and the observed material behavior will subsequently be addressed.  

 



Lukas Walch  Hard metals 

2 

2. Hard metals 

Since the first inception of tungsten carbide in 1893 by H. Moissard [17, p. 2] hard metals 

or, in English literature, “Cemented Carbides” [2, pp. 3–4] revolutionized the field of high-

performance materials. The greatest impact was on the market of machining tools from the 

presentation of the first commercial hard metal “WIDIA” by the Friedrich Krupp AG at the Leibzig 

Spring Fair in 1927 onwards [1], [2, pp. 3–4]. Those tools enabled a significant increase in cutting 

speeds in machining processes as well as the efficient machining of hard cast iron and steels [18, 

p. 120]. Today, they can rightfully be considered the foundation of the tool manufacturing 

industry [19, pp. 29–30]. This was possible due to the unique make-up and the resulting material 

properties of hard metals, which are discussed in this chapter. 

2.1. Tungsten carbide and cobalt as a composite 

A hard metal is a composite material made up of a hard and brittle carbide or nitride phase 

and a softer, more ductile binder phase cementing the carbide grains together [18, p. 121], hence 

the term “cemented carbides” [20, p. 215]. The first commonly used hard metal was tungsten 

carbide (WC) with cobalt (Co) as binder phase. Other compositions like titanium carbide with a 

nickel binder phase have been developed and are in use for special applications [19, p. 38]. They 

were developed for applications unsuited for WC hard metal tools and also because Co is 

considered possibly carcinogenic [18, p. 120], [21]. Still, WC-Co still makes up the bulk of the 

produced mass of hard metals [1]. This is because, despite the higher cost of tungsten, WC-Co 

offers excellent mechanical properties in a wide temperature range [1], [17, pp. 1–2], [22], [23]. 

2.1.1. The WC-Co pseudo-binary phase system 

The tungsten - carbon (W-C) system shows several distinct phases stable at high 

temperatures in certain concentration ranges. However, at room temperature and at 

temperatures up to 1200 °C only the δ-WC phase, also referred to as simply WC phase, is stable 

[17, p. 6], [24]. As first proposed by Hägg, nonstoichiometric interstitial compounds are formed 

when the atomic radii of a metal (Rmetal) and a non-metal (rnon-metal) form a ratio 
𝑟𝑛𝑜𝑛−𝑚𝑒𝑡𝑎𝑙

𝑅𝑚𝑒𝑡𝑎𝑙
⁄   

with a value from 0.41 to 0.59 [17, p. 5], [25, p. 154]. Since carbon (C) has an atomic radius of 

70 pm and tungsten (W) one of 135 pm [26], the relevant ratio of 0.519 fulfills that condition. 
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Therefore, the WC phase is a Hägg phase. It features the typical high stability of such interstitial 

compounds. W arranges in a simple hexagonal lattice with two atoms per unit cell and C occupies 

the trigonal prismatic interstitial positions of the W-sublattice [17, pp. 19–21], [27], [28, pp. 94–

97]. Figure 1 (a) outlines the structure of a unit cell and Figure 1 (b) that of an WC crystal in 

equilibrium [27]. 

 

Cobalt is a relatively rare ferromagnetic metal with a high-temperature face-centered-

cubic (FCC) phase above 417 °C and a low-temperature hexagonal-close-packed (HCP) phase 

below that temperature [29]–[31]. In respect to hard metals, it is the most commonly used binder 

material; particularly so with WC, in part because of its high solubility of W and C and the superior 

mechanical properties of the composite [17, pp. 25–28]. One of the main advantages of Co as a 

binder phase for WC is its ability for wetting the carbide grains due to the sufficiently low surface 

interfacial energy of WC and Co phases [28, pp. 93–97]. Additionally, the ferromagnetic behavior 

of Co allows for a nondestructive evaluation of the WC-Co hard metal composition through 

coercivity measurement [19, pp. 39–40]. A partial replacement of the Co binder phase with iron 

or nickel yields harder and tougher compounds respectively, albeit always with lower strength. 

They are used mainly in specialized applications [19, p. 39]. 

Figure 1: Visual representation of the WC unit cell and equilibrium crystal by Exner in [27]. (a) The 

WC unit cell. (b) A schematic approximation to an equilibrium crystal. 
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Although W-C-Co is a ternary system with complex carbide phases and ternary compounds 

in a wide range of temperatures, the system acts in a “pseudo-binary” way [17, pp. 25–28] when 

the correct stoichiometry is adhered to. Following Kurlov and Gusev, this leads from what can be 

seen in Figure 2 (a) to the phase diagram along the binary WC-Co cross section of the ternary 

system, shown in Figure 2 (b) as presented in [17, p. 27]. As has been mentioned, pure Co has a 

hexagonal lattice at RT.  

 

As can be seen in Figure 2 (b), Co is largely insoluble in the carbide phase. The latter in 

turn shows a solubility in the binder metal of up to 10 % at ~ 1230 °C. The content of the binder 

phase is in most WC-Co hard metals between 0 and 30 wt. % [1], [19, pp. 39–40]. In recent 

decades the addition of so-termed mixed carbides gained traction because of their hardness 

improving and grain growth inhibiting tendencies [32, pp. 501–503]. However, the content of 

those mixed carbides typically does not exceed 3 % [19, p. 37].  

The microstructure of WC-Co hard metals is fairly unique. The WC grains often exhibit rigid 

geometric shapes, embedded in a Co matrix. This matrix is mainly dependent on the Co content 

(either as volume fraction [33] or weight percentage [19, pp. 39–40]), but other carbides used as 

additives also influence the appearance of the microstructure [34]. Albeit not all WC-Co hard 

Figure 2: The ternary W-C-Co system as discussed in [17, p. 27] is shown. (a) Cross-sections of the 

ternary W-C-Co system at various temperatures presented by [17, p. 27]. (b) The binary section of 

the ternary system, i.e. a cut along the WC-Co cross section. 
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metals share the same microstructure, most exhibit certain similarities. Representatively, Figure 

3, originally presented in [34], aptly visualizes the main variations in microstructure of WC-Co 

hard metals. 

 

Figure 3: This illustration by Garcia et al. in [34] provides an overview of several typical WC-Co 

hard metal microstructures. The microstructures are grouped by causal factors for the respective 

microstructures. The γ-phase denotes the presence of cubic carbides. The -phase represents a 

sub-stoichiometric WC-phase found in WC-Co hard metals with a low carbon content [34]. 
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2.1.2. Physical properties of WC-Co hard metals 

The particular nature of the WC-Co hard metals results in properties making the 

composite well-suited for applications with extreme mechanical or thermal conditions. For 

example, regardless of the Co content, no liquid phase is present until well above 1200 °C in the 

WC-Co pseudo-binary phase system [17, p. 27]. Thermal expansion is linearly proportional on the 

Co content [35]. The thermal expansion coefficient (αt) consistently remains small compared to 

high-strength steels, as e.g. described by Kieffer in [32, p. 179] and later Chawla in [36, pp. 352–

358]. The thermal conductivity (λ) of WC-Co hard metals is inversely proportional to the Co 

content. For most WC-Co hard metals, λ is two to three times as high as it is for high-strength 

steels [32, p. 178], [35]. The combination of these properties makes WC-Co hard metals ideally 

suited for many high-temperature applications, since it remains stable in form and composition 

while at the same time draining excess heat from its source. 

Hard metals exhibit a strong dependency of their mechanical properties on their 

microstructures. A close relation to the phase composition (i.e. the Co content) as well as the 

distribution of the carbide phase in the Co matrix and the mean grain size has been found [28, p. 

91]. Notably, WC-Co hard metals are brittle materials with limited plastic behavior for most 

compositions and specimen sizes [19, pp. 43–47], [37], [38], [39, pp. 412–416]. Their respective 

mechanical properties depend on the size of the loaded volume, with large loaded volumes 

showing considerably lower strength values than small loaded volumes [40]. This is due to the 

size-effect in brittle materials and can be explained by the fact that in a material showing little to 

none plastic deformation, fracture at a singular critical defect can lead to failure of the whole 

specimen [41]. Such critical defects can be estimated using the linear elastic fracture mechanics 

(LEBM) [42, pp. 69–119] by referring to the fracture toughness (KIC), which is the stress intensity 

(K) at which unstable crack growth occurs [43, pp. 399–400]. Since K is directly proportional to 

the applied stress (σ) and to the square root of the defect size, KIC can be exceeded either by 

increasing σ or the size of defects. Consequently, the defect size is important for most applications 

in which WC-Co hard metals are used. 

Typically, WC-Co hard metals are tougher than pure ceramics, which mostly show KIC 

values of 3 to 5 MPa√m [44]. Compared to metal alloys such as martensitic steels with KIC values 
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often above 100 MPa√m [45], [46], WC-Co hard metals are very brittle. Their fracture toughness 

mostly does not exceed 26 MPa√m at room temperature (RT) [47, p. 317]. Regarding this lack of 

toughness of WC-Co hard metals in consideration of the size effect, it can be concluded that with 

the size of the loaded volume, the probability of a critical defect existing in that volume increases. 

This makes the measurement of e.g. ultimate tensile strengths a difficult endeavor and usually 

necessitates the use of Weibull statistics to reliably describe fracture strength distributions [37]. 

An additional influence on the mechanical properties can be found in the content of Co as well as 

in the WC mean grain size. A higher binder metal content reduces mechanical strength but 

increases the toughness [18, pp. 120–125]. Reducing the carbide’s mean grain size usually results 

in improved hardness, generally at the cost of toughness [17, pp. 191–193], [18, pp. 120–125].  

The mechanical strengths of hard metals are indisputably in the high-strength spectrum 

of known materials. Klünsner et al. e.g. measured tensile strength values of above 2,000 MPa for 

WC-Co hard metals with a Co content of above 8 wt. % and mean grain sizes in the submicron 

spectrum at RT. By significantly decreasing the size of the loaded volume, they observed an 

increase of those strength values to about 6,000 MPa [40]. Like most materials, WC-Co hard 

metals show a greater ultimate compressive than tensile strength. In the case of WC-Co hard 

metals it is approximately three times the value of tensile strength [19, pp. 43–47], [32, p. 175].  

In combination with their mechanical properties and relatively high toughness compared 

to ceramics [44], [48], their high hardness is one of the key advantages of WC-Co hard metals. 

That is because hardness, defined as the resistance of a material against plastic surface 

deformation, has a significant influence on the wear resistance of a material [32, pp. 160–167], 

[43, p. 120], [49, pp. 363–364]. In research work, the Vickers method for hardness measurement 

is considered a standard method because it can measure a broad spectrum of materials, from soft 

to hard, without requiring a change of the indenter [43, p. 140]. It is therefore a useful tool in 

evaluating the hardness of WC-Co hard metals. The Vickers hardness of WC-Co hard metals 

usually measures above 1,000 HV and is inversely proportional to the content of the binder metal 

and the mean grain size of the carbide phase [50], [51], [52, p. 127]. A WC-Co hard metal with a 

low Co content and small mean grain size can show a Vickers hardness of about 2000 HV [50]. 



Lukas Walch  Hard metals 

8 

As has been indicated, WC-Co hard metals are widely used in applications exhibiting very 

high temperatures, up to and above 1,000 °C [39, p. 405], [53, pp. 426–430]. A good 

understanding of their mechanical properties at those conditions is therefore essential. Findings 

show that with an increase in temperature, most mechanical properties, like hardness, Young’s 

modulus and strength, degrade while the fracture toughness increases [39, pp. 408–412], [48]. 

Contrary to the mostly brittle behavior of WC-Co hard metals at RT, a significant increase in plastic 

deformation and ductile behavior has been observed at sufficiently high temperatures [48], [54]. 

Pure tungsten, albeit chemically mostly inert towards oxygen at RT, shows strong 

oxidation reactions at elevated temperatures. Pure carbon shows similar behavior at lower 

temperatures [55, pp. 431–432], [56], [57]. Their chemically most stable oxides are tungsten 

trioxide (WO3) [57] and carbon dioxide (CO2) [55, p. 433]. Considering this, it is to be expected 

that WC shows similar oxidation behavior, which was investigated in [57], [58]. Webb et al. found 

an increased oxidation rate for WC at temperatures above 700 °C compared to pure W [59]. 

It is a well-established fact that WC-Co hard metals are often used in high-temperature 

applications, e.g. as tools in machining processes [18, pp. 104–107]. The oxidation behavior of 

WC-Co hard metals is therefore of great interest to WC-Co hard metal manufacturers and several 

studies were performed e.g. by Basu et al. [60]., Gu et al. [58].  and Chen et al. [61]. The respective 

authors concluded that below 600 °C, the oxidation of their WC-Co hard metal specimens was 

negligible, with a marked increase above 700 °C and at heightened oxygen contents. An increase 

of the Co content observed a decrease in the oxidation rate [62]. The only solid oxide phases 

identified were WO3 and CoWO4, with their concentration ratios solely dependent on the content 

of the binder metal in the composite [60]. Chen et al. proposed an oxidation model for WC-Co 

hard metals which distinguished three distinctive temporal regions. In this model, a phase of little 

or no oxidation is followed by selective oxidation of the oxygen-exposed Co, characterized by the 

formation of CoWO4-scales. In the final stage a WO3-rich oxide layer forms [61]. 

Such inhomogeneous oxidation behavior conclusively explains the degradation of some 

mechanical properties like bending strength due to reduced surface integrity and introduced 

microstructural defects [63]. The oxidation behavior of WC-Co hard metals should therefore 

always be considered in the use of those composites at high temperatures. It is only logical that 
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many WC-Co hard metal manufacturers utilize oxidation-resistant coatings to enhance the life-

time of their product [2, p. 20], [18, pp. 119–125], [58]. 

2.1.3. Manufacture of WC-Co hard metals 

The manufacture of WC-Co hard metals is no simple task. This is largely due to their 

composite nature; a simple alloying process of carbide and metal is not possible. Hence, smelting 

is neither economically nor physically viable. From the beginning, a powder metallurgical 

approach had been chosen for the production of both, WC powder and WC-Co hard metals [2, p. 

5], [17, pp. 34–36]. A conventional method for the synthesis of WC powder is the reduction of 

WO3 by carbon at high temperatures in an inert or reductive atmosphere [17, pp. 34–36].  

For further processing, powder quality is critical [20, pp. 219–222]. It is either achieved 

during powder synthesis or through subsequent powder granulation. Once a sufficient powder 

quality is achieved, it is subjected to green shaping. It is pressed to an acceptable density and into 

a form which it keeps owing to a fugitive, usually organic, binder system [20, p. 226]. This is done 

in a variety of ways, depending on the product’s geometric complexity as well as the cost per 

piece. There is uniaxial pressing for simple pieces, utilizing one axis for pressure application [20, 

pp. 227–230]; cold isostatic pressing for large parts, utilizing homogenous pressure application to 

the outer workpiece surface and also powder injection molding for complex pieces where the 

powder is forcibly injected into a pre-formed mold [20, pp. 230–233]. After the initial shaping, the 

green body is usually post-processed; this ranges from minor adaptations to significant material 

removal. The main aim is to achieve a shape rather close to the final shape to limit post-

processing, because the green body possesses only a fraction of the mechanical strengths of the 

final product after sintering [20, pp. 226; 233–234]. 

WC-Co hard metal is usually manufactured via sintering processes. For this purpose, 

carbide and metallic powder are mixed together in the appropriate composition and heated to a 

temperature below their respective melting points. The elevated temperature increases the 

diffusion rates and particle cohesion is achieved [64, pp. 238–240]. For improved product quality 

a liquid-phase sintering process is used with Co in the liquid state, because the melting point of 

Co is much lower than the decomposition point of WC (1459 °C compared to 2790 °C [17, pp. 1–
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3], [65, pp. 9–10]). This takes full advantage of the wetting ability of Co respective to WC grains 

and forms a cohesive composite with very low porosity [64, pp. 238–240]. 

As in many cases, the possibility of the direct manufacture of WC-Co hard metal tools and 

workpieces is an attractive one. As a consequence, additive manufacturing processes using e.g. 

the selective electron beam melting [66] and binder jetting [67] methods have already been 

proposed and studied, with promising results. 

Whatever the manufacture route, one lingering effect is common to all, i.e. residual 

stresses between binder and carbide phases. In general, residual stresses are classified as 

macrostresses or microstresses. The former equilibrates over at least a major part of the scale of 

a body and arises e.g. with deformation treatments. The microstresses are comparatively local 

and have measurable influence over several grains. There also exists a third class of short-ranged 

microstresses limited to a single grain and caused by plastic deformation [68, pp. 385–386]. The 

farther-reaching kind of microstresses on the other hand is a result of local differences in thermal 

expansion, e.g. due to a temperature gradient. For WC-Co hard metals, their main cause lies in 

the cooling period after sintering and notable differences in the αt of carbide and binder metal. 

The characteristics of these residual stresses are described in [69] as follows: They are of 

significant magnitude albeit broadly distributed, especially in the Co phases. The residual stresses 

show mean tension in the binder and mean compression in the carbide. They also have been 

shown to interfere with applied stress. This can partially explain the unusual toughness of WC-Co 

hard metals. 

2.2. Failure of WC-Co hard metals 

The failure of materials is a complex and multifaceted process which includes multiple 

mechanisms, each dominant in different conditions, and each dependent on varying factors [70]. 

This is also true for WC-Co hard metals, which are a composite of a hard ceramic and a softer 

metal phase [18, p. 121], [32, pp. 240–259]. They show a mostly brittle behavior with limited 

ductility at RT; ductility increases with temperature [39, pp. 408–412], [71]. In addition, they 

exhibit creep when loaded at elevated temperatures for a prolonged time period [71], [72]. Some 

of the mechanisms governing the damaging and subsequent failure of WC-Co hard metals will be 

discussed in the following pages. 
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2.2.1. Damage initiation in WC-Co hard metals at room temperature 

The influence of microstructure on the material behavior of WC-Co hard metals is 

significant [28], [73], [74]. It was found that the contiguity parameter (CWC) and the content of Co 

in the composite have great influence on the deviation of the composite from linear-elastic 

behavior [33]. Contiguity is used to describe the WC-Co microstructure; i.e. the fraction of the 

total carbide grain surface area of carbide grains in direct contact with other carbide grains [28, 

pp. 107–110], [75]. Assuming that WC/Co to WC/WC interfaces are related to the Co content, it 

is an approximate function of the binder phase content [28, pp. 107–110]. At low contiguity, the 

load was found to also be dispersed in the binder, which deforms plastically at comparatively low 

stress levels. WC-Co hard metals with high contiguity values are associated with higher 

mechanical strengths and more brittle behavior compared to their low contiguity counterparts 

[33]. Contiguity has been shown to have a significant impact on the mechanical performance of 

WC-Co hard metals. [76]. At RT, WC-Co hard metals behave as mostly brittle materials with limited 

ductility. It is therefore prudent to discuss the failure of WC-Co hard metals in terms of brittle 

fracture, which is largely controlled by the already mentioned size effect [41], as well as some 

failure mechanisms regarding plastic deformation [36, p. 100], [47, pp. 304–305]. 

Generally, whether a material fails brittle or ductile is dependent on its atomic lattice 

structure. Ideal lattices, by definition, are without error. Real lattices in contrast show deviations 

from the ideal which can be either point defects like atomic voids or dislocations. The movement 

of dislocations along so-called slip-planes is a possible cause for ductile deformation [25, pp. 71–

87]. Those slip planes often offer multiple directions of movement; such a slip direction in a slip 

plane is referred to as slip system. For FCC crystals, as in the high-temperature phase of pure Co 

there are 12 such systems; for HCP crystals like WC grains on the other hand, there are three [25, 

pp. 219–229]. In polycrystalline materials like WC-Co hard metals, the constraints of grain 

interaction requires the activation of five independent slip systems by exceedance of the critical 

Peierls potential [25, pp. 265–272]. Consequently, the high-temperature FCC phase of Co behaves 

most ductile in the WC-Co system [77, pp. 91–104]. The low-temperature HCP phase of Co 

exhibits reduced ductility  compared to its FCC phase [77, pp. 91–104] and while some plastic 

deformation of WC grains has been observed [38], the WC phase for the most part  is brittle [6], 
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[78]. With the carbide phase dominating, mostly brittle fracture of WC-Co hard metals is the rule 

[47, pp. 303–306], [79, pp. 290–291]. 

On the macroscopic level and at RT, WC-Co hard metals exhibit mostly brittle fracture 

following the Griffith-model for ideal-elastic material failure [47, pp. 303–306]. Especially large 

workpieces and specimens are subject to the size-effect, which many defect-controlled materials 

exhibit [41]. As discussed previously, the probability of a critical defect existing in a loaded volume 

increases proportionately with the size of the respective volume [41]. Barring this, WC-Co hard 

metals are also used in many applications where the loaded volume is rather small; beneficial 

effects of such a small loaded volume have been observed by Klünsner et al. [40]. In this case, the 

microscopic behavior of WC-Co hard metals is of great interest.  

In literature, four fracture modes have been observed and studied, summarized e.g. by 

Spiegler and Fischmeister [80] and in [47, pp. 303–306]. They include the transgranular fracture 

through the carbide crystals; the intergranular fracture along the WC-WC grain boundaries; the 

intergranular fracture along the WC-Co grain boundaries and the ductile fracture through the 

binder phase [47, pp. 303–306]. The quantity of occurrences for each fracture mode was found 

to be in direct relation to the contiguity of the WC-Co hard metal [47, p. 306]. These fracture 

modes progress in the three stages of damage initiation, subcritical crack growth and catastrophic 

crack propagation [42, pp. 190–204], [47, p. 306]. Since all materials show initial defects (e.g. 

pores, precipitations or micro-cracks), the stage of damage initiation could also be termed crack 

initiation at preexisting defects for WC-Co hard [42, pp. 331–332]. At RT and for specimens with 

large loaded volumes however, there is only limited subcritical crack growth [43, pp. 387–390], 

[47, p. 306]. Spiegler and Fischmeister proposed a model for predicting the crack paths on the 

observation-based assumption of preferential cracking in the matrix. This model sees the crack 

path controlled by the entry angle of the crack into the binder phase [80]. For very small loaded 

volumes some elastic-plastic behavior has been observed [40]. Multiple studies have shown, as 

summarized in [47, pp. 308–311], that crack paths favor the Co intercepts for propagation. For 

the most part, fracture in the binder phase is ductile and brittle in the carbide phase. 
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2.2.2. High temperature deformation and creep in hard metals 

At sufficiently high temperatures the mechanical behavior of hard metals exhibits a 

pronounced change compared to that at RT. Notably, this includes a transition from mostly brittle 

behavior to brittle-ductile behavior [71], [81], [82]. In literature, three distinctive temperature 

regions have been defined [39], [71], [81]. At RT the composite deforms mostly linearly elastic 

and shows mainly brittle material failure. At very high temperatures, a ductile deformation 

explained e.g. by grain-boundary sliding can be observed [83]. A direct relation of the Co content 

to the impact on several mechanical properties has been shown by Teppernegg et al. [48]. In 

addition, a complex relationship of the mean grain size to plasticity has been observed: coarser 

grades exhibit greater plastic deformation with increasing temperature; at high temperatures 

however, the trend reverses and submicron grade WC-Co hard metals show greater plasticity. 

This was explained with the above-mentioned grain boundary sliding as main contributor to 

deformation above a threshold temperature [84]–[86]. 

In addition to this short-term behavior of WC-Co hard metals, a distinctive creep behavior 

has also been observed and studied [71]. Both crystalline and amorphous materials show the 

phenomenon of creep; that is the increase of plastic deformation when stressed at a constant 

level for an extended period of time [43, pp. 258–259]. WC-Co hard metals are not exempt from 

this effect and can fail due to creep [72]. The effect is harmful mainly due to the possible 

formation or growth of defects in materials subjected to long-term stresses [87, pp. 123–126]. 

Literature differentiates three characteristic stages to creep; primary, secondary and 

tertiary creep [43, pp. 259–262]. Creep behavior as described in [43, pp. 259–262] can be 

summarized as follows: After the initial strain, the creep rate decreases rapidly due to hardening 

effects caused by dislocation pile-ups until it stabilizes at a steady rate, marking the beginning of 

the second stage. The secondary or viscous creep can be visualized as a balance of two opposing 

mechanisms: the strain hardening and the relaxation through recovery processes, which 

dominates the third stage. While the recovery processes in stage two are mostly limited to 

dislocation climbs, tertiary creep sees recrystallization and overaging, depending on the 

microstructure. Owed to increasingly ductile behavior, creep is especially pronounced at elevated 

temperatures. Smith and Wood [88] found a more pronounced creep deformation at higher Co 
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contents and at higher stress levels. They proposed that at low stresses, Co self-diffusion is the 

main creep contributing mechanism. At higher stress levels, this changes and dislocation climb in 

the Co binder phase acts as the major contributing mechanism [88]. This assumption was based 

on findings that the energy input necessary for creep to occur was at only slightly lower levels 

than that for Co self-diffusion [39, pp. 409–412], [88]. 

Cyclic creep, or ratchetting, in contrast to creep, is observed in cyclic loading situations. It 

describes the accumulation of plastic strain in cyclic loading with a non-zero mean stress; it was 

first described by Chaboche et al. [89], [90]. Two types of ratchetting are distinguished; one 

occurring with high mean stresses for quasi-repeated loading conditions. There, the inelastic flow 

was ascribed to viscous or creep effects. The other type is mainly attributed to cyclic plastic flow 

and occurs with small mean stresses for large stress amplitudes. The ratchetting effect of this type 

is much smaller, [91]. Working theoretically, Kotoul [92] developed the model to describe the 

ratchetting of composites like WC-Co hard metals. Since then it has been observed in experiments 

for WC-Co hard metals [93]. 

2.2.3. Fatigue and wear of hard metals 

Materials which are subjected to fluctuating stresses experience fatigue and when in 

contact to another body with relative motion to one another they experience wear. This also 

includes WC-Co hard metals. Fatigue is the reduction of the stress level a material can withstand 

for an extended period of time. Stresses a material can withstand under monotonously increasing 

loading conditions may lead to failure in a cyclic load situation. Almost all metalworking tools and 

even most structural assemblies experience a fluctuation or cyclic repetition of stresses [43, pp. 

318–319]. As summarized in [94, pp. 346–350], the strength degradation at the endurance level 

of WC-Co hard metals was the subject of study in several works with the following conclusions: 

WC-Co hard metals show a significant reduction in bending strength, a lesser reduction of 

ultimate tensile strengths and a comparatively light reduction of ultimate compressive strengths 

in several tested WC-Co hard metal grades [94, pp. 346–350],[88]. 

The fatigue behavior of WC-Co hard metals was subject of study in several works [95]–

[97]. Applied stress intensities and mean stress were found to have “an extremely high” [97] 

influence. The Co content as well as the mean grain size of the carbide were linked to the 
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susceptibility to strength degradation. Large grains [6] and a large mean free path of the binder 

phase [98], which is the average linear distance between WC grains, reduce sensitivity to stress 

intensities and mean stress. It has been shown by Luyckx and Love in [99] that the mean free path, 

given a fixed binder phase content, is mainly a function of the carbide grain size [28, p. 107], [99]. 

The binder phase was also shown to have a great influence on the fatigue behavior; in several 

works, Tarrago et al. confirmed a crack growth resistance (R-curve) behavior. The R-curve plots 

stress intensity against crack growth, thereby displaying a crack growth resistance. A short and 

steep R-curve has been confirmed for WC-Co hard metals in [100]. This behavior was explained 

by strongly bonded and plastically restrained Co bridges connecting crack flanks. The surface 

condition [101] and microstructure [93] were also reported to have a significant influence on the 

fatigue behavior. 

Furthermore, Kindermann et al. documented a pronounced effect of the ambient 

temperature and atmosphere on fatigue behavior [102]. They described the phase transition of 

the binder phase Co from a more ductile FCC to a comparatively brittle HCP phase as the main 

influencing mechanisms on WC-Co hard metal fatigue at lower temperatures. With increasing 

temperature, they ascribed dominance to the oxidation of Co at subcritical cracks in the ductile 

binder phase and subsequent embrittlement [102].  

However, these are not the only mechanisms by which WC-Co hard metals can accrue 

damage over time; in most cases, there is also wear. Wear is tribology’s subject of study, which 

itself is “the science of interacting surfaces in relative motion” [103, Ch. E]. There are many wear-

inducing mechanisms, albeit mainly abrasion, erosion and sliding wear and a combination thereof 

are of significance for WC-Co hard metals [49, Ch. 364–367]. Abrasion is the scoring and chipping 

of material by another body’s roughness peaks or spalled particles on a microscopic scale [103, 

Ch. E]. The conditions in which abrasion occurs were found to influence the magnitude of wear 

[49, pp. 364–367]. Especially the hardness and particle size of the abrasive material are reported 

to have great influence [104]. The volume of abrasion wear shows a strong and inverse relation 

to the hardness of the worn WC-Co hard metals [105]. The main mechanism of abrasion in WC-

Co hard metals was found to be the removal of the exposed binder phase with subsequent 

spalling of WC grains [104], [105]. Given these facts, Gee et al. in [49, pp. 364–367] developed a 

mathematical model to describe the influence of microstructure on the volume of wear by 



Lukas Walch  Hard metals 

16 

abrasion but could not fully determine the influence and value of their microstructural 

parameters on abrasion [49, pp. 364–367].  

Sliding wear, albeit described as somewhat similar to abrasion was observed as being less 

dependent on the microstructure [49, pp. 364–367]. In contrast, a significant effect of the surface 

condition [106], the load [107] and even the pH of lubricants [108] has been found.  

Erosion is the mechanical degradation of material by flowing media [109, pp. 351–352]. 

Literature distinguishes cavitation and wear erosion [49, pp. 367–369], [109, pp. 351–352]. The 

former sees material erosion due to the collapse of cavities in the fluid close to the material 

surface and subsequent significant stresses on the surface caused by the suction [109, pp. 351–

352]. The latter is characterized by the presence of hard particles in a liquid or gaseous medium 

[49, pp. 367–369]. Several effects regarding erosion have been studied [49, pp. 367–369]. These 

effects can be summarized as a large dependence of scale as to whether brittle or ductile material 

response dominates erosion, studied in detail by Anand and Conrad [110]–[112]. 

2.3. Applications of WC-Co hard metals 

WC-Co hard metals are known for their superior mechanical properties and relative 

insusceptibility towards high temperatures [48]. This makes them uniquely suited for applications 

in extreme conditions. Konyashin [53, pp. 425–451] categorized the main application fields into 

use as drilling bits, cutting edges and wear parts [53, pp. 425–451]. They are also used as rolls for 

hot rolling and as tools in cold forming [19, pp. 29–32]. Klocke and Koenig explained 

comprehensively in [18, pp. 119–137] the use of WC-Co hard metals as tools for the milling, 

drilling and cutting of a wide variety of materials, from rock processing to machining of high-

performance alloys [18, pp. 127–129].  

2.3.1. WC-Co hard metals in machining tools 

In machining there are many variations which Klocke and Koenig summarized in [18, pp. 

41–99] into three main approaches: The free orthogonal cut, the free inclined cut and the bound 

inclined cut. Described as default is the bound inclined cut, which allows for the main and side 

cutting edge to be employed at arbitrary angles for continuous as well as discontinuous cuts. An 
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apt sketch of the mentioned situations provided by Klocke and Koenig in [18, p. 49] is shown in 

Figure 4. 

 

The machined material usually produces chips [18, pp. 50–53]. The chipping behavior can 

be influenced by direction and amount of load put on the material [113]. During the chip 

formation, rather extreme conditions may occur; temperatures ranging from 770 to 1,700 °C as 

well as significant stresses are present, putting a considerate load on the tool flank [18, pp. 50–

53], [114]. Naturally the chipping behavior also depends on whether or not a cut is continuous. 

For discontinuous cuts e.g. the heating and loading of the tool is cyclic, changing in dependence 

of the cycle count number, which is defined e.g. by Nemetz et al. as a cutting and subsequent idle 

period [13], [114], [115]. Chipping aside, there are many influences in machined material and 

machining tool alike which control the life-time of a tool.  

2.3.2. Alloying concepts 

To accommodate the various requirements for different purposes, WC-Co hard metals 

must fulfill a multiplicity of demands. Some, like toughness and hardness, are in contradiction. 

Since their invention, the easiest way to control the specific mechanical properties has remained 

with the Co content and the carbide grain size [18, pp. 127–129], [19, pp. 29–32]. Industrially used 

hard metal grades mainly utilize WC-Co hard metals with Co contents ranging from 4 to ~30 wt. 

% Co. Regarding grain sizes, industry commonly distinguishes coarse, medium, fine, submicron 

and ultrafine grades. The finer the grains, the greater hardness and strength, but at the cost of 

toughness (with exceptions) [18, pp. 127–129], [19, pp. 29–32].  

Figure 4: Visual representation of the cutting techniques outlined in [18, p. 49]. From (a-c): (a) The 

free orthogonal cut. (b) The free inclined cut. (c) The bound inclined cut. 
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For the machining of metals and their alloys, the addition of cubic transition carbides 

proved more than beneficial. They form a solid solution with WC which enhances the creep and 

oxidation resistance and also improves the wear rates [19, p. 37]. 

2.3.3. The coating of tools 

Since the late 1960’s, the coating of WC-Co hard metal products gained steadily in 

popularity. The significant improvement of tool lifetimes because of the added wear and 

oxidation protection of such coatings provided an incentive for focused research [18, pp. 137–

138], [116, pp. 453–455], [117]. From the beginning, the use of particularly hard substances like 

TiN, TiC and aluminum oxide (Al2O3) was favored; after the invention of multilayer coatings often 

in combination [116, pp. 453–455]. In recent years, a multilayer coating composition of a titanium 

diboride (TiB2) coating with a TiN interlayer has been the focus of several works [118]–[122]. 

Most hard coatings are produced by condensing the substance from the vapor phase, with 

two distinguished methods. With physical vapor deposition (PVD) the respective vapor is 

generated from a solid source and applied to the surface via ionization methods. Using chemical 

vapor deposition (CVD) requires higher temperatures, because the coating forms with chemical 

reaction in the gas or vapor phase [123, pp. 19–21]. Especially CVD is well suited for complex 

geometries and wide ranges of coating thicknesses [116, pp. 453–455], [124, pp. 507–511]. Which 

technique is used depends on the workpiece geometry and the type of coating. Oxide or nitride 

coatings are usually applied with CVD while metallic coatings are typically produced with PVD 

[116, pp. 453–455]. Many CVD coatings show tensile residual stresses and superficial crack 

networks due to greater thermal retraction of the coating compared to the substrate [125]. 

TiN-TiB2 multilayer coatings usually are produced using CVD [120], [121]. Works 

performed on this subject showed that in contrast to most CVD coatings this particular multilayer 

exhibits high residual stresses in the compressive spectrum [120], [121]. Those were found to rise 

with the boron (B) content and layer thickness [121]. Their origins were investigated by Schalk et 

al. [121] and explained with the nano-crystalline structure of the TiB2 phase, which is considered 

the result of strong covalent B-B bonds and segregational tendencies of B atoms [121]. To improve 

adhesion, an interlayer for TiB2 coatings was recommended e.g. by Kullmer et al. [120].  
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3. The ball-in-cone test 

The testing of materials is always a challenge in that it must not only be replicable but also 

well-understood. Producing results must also always be accompanied with a thorough 

understanding of how those results came to be. By subjecting a material to extreme situations – 

be they of mechanical, thermal or corrosive nature – a better understanding of the respective 

materials behavior is desired. Of particular interest are methods which affect the material in ways 

similar to what it has to cope with in its applications. 

3.1. Testing of WC-Co hard metals 

Compared to most materials, WC-Co hard metals are particularly hard to reliably test. 

Despite their mechanical strengths and resiliencies, they are brittle and fail in accordance with 

Weibull distributions [41], [126]. They are often used in complex, multi-axial loading situations 

with high compressive and tensile loads, at temperatures often approximating 1,000 °C in cyclic 

loading conditions with or without pronounced impacts [13], [18], [114], [115], [127], [128]. 

Especially in recent years, the interest in the load situation a machining tool has to endure 

during use has manifested in a multitude of works by various authors regarding various 

applications [13], [73], [114], [115], [127], [129], [130]. The underlying desire was, and is, to 

understand the loads influencing the material and how they might lead to failure. Better 

understanding then can lead to bespoke measures regarding tool material or design, improving 

life expectancy and performance of tools. 

Klocke in [18] differentiates three modes of machining (see Figure 4): The free orthogonal 

cut, the free inclined cut and the bound inclined cut. They can be executed continuously or 

discontinuously [18, pp. 48–49]. In addition to these parameters, the load situation is, among 

others, also influenced by the absolute amount of the machining force as well as the cutting 

velocity and feed velocity [18, pp. 58–72]. Furthermore, the mode of chipping, whether 

segmented or continuous chips are formed, and the state of wear of the tool were found to have 

an effect [128, pp. 113–124].  

Given the number of influencing factors, a definitive answer is not possible. However, the 

loads a tool is subjected to, split into normal and tangential forces and as a result the tool suffers 
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compressive normal stresses and shear stresses at both the rake face and the cutting edge [128, 

pp. 117–120]. These stresses trigger damaging mechanisms which can lead to a subsequent 

failure of the tool. This is true particularly for tools used with materials difficult to machine, since 

the temperature is often limited only by the melting temperature of the machined material. There 

is also a necessity to avoid alteration of the workpiece’s material properties by the induced high 

temperatures [128, pp. 121–124].  

Several works found temperatures ranging from 650 °C to above 1,050 °C in the chip-tool 

contact area during cutting [13], [114], [127], [131]. Klocke et al. also described a “specific tool 

load” [127] calculated from the material-tool contact area and the cutting force [127]. Used as a 

qualitative indicator for the peak load in the material-tool contact area, the presented values 

were significantly above 1,000 MPa for the cutting of a Ti-Al6-V4 alloy [127]. In milling tools 

Nemetz et al. [115] found temperatures of 650 °C, with only a small volume seeing temperatures 

above that value [115]. In [13] Nemetz et al. reported stresses in milling inserts of similar value to 

what Klocke et al. found for cutting inserts [127]. Both compressive and tensile stresses were 

seen; also a clear development towards higher tensile stresses with progressing load cycles was 

observed [13]. 

The load situation in machining tools is complex. Yet understanding it is indispensable, 

especially for WC-Co hard metals. Because of the manifold and hard to separate influences, the 

use of a finished tools as specimen is common, as e.g. in [15]. The obvious advantage here is that 

the test performed is almost indistinguishable from reality; however, only the result of the whole 

compound of influencing factors can be observed. For better control over several of these 

influencing factors, a test setup to replicate the load situation at the cutting edge of milling tools 

at elevated temperatures was developed. This test setup shall be described in the following. 

3.2. Replication of observed normal and tangential loads 

Recently, the relation of normal to tangential loads in tool substrates was studied. It was 

shown that at the rake face in contact with the chip, the normal loads were mostly four times as 

large as the tangential forces, displaying a ratio of 4 1⁄ . At the cutting edge of milling tools, the 

dominance of normal loads was even more pronounced [132]. Following these considerations, 

several test concepts were developed and analyzed for viability in [133].  
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3.2.1. The concept design 

In several works an inclined surface has been used to achieve a multi-axial load situation. 

To the best knowledge of this author, the investigations performed foremost featured an impact 

test on an inclined surface introduced by Bouzakis et al. in [134]. This test is featured in several 

works studying the adhesion as well as the fatigue and wear behavior of coatings and coating-

substrate interfaces [134]–[139]. While the focus of the current work lies not on the study of 

coating adhesion, the use of an inclined surface to achieve normal and tangential loads is rightfully 

attributed to these authors. On the following pages a novel material testing setup designed to 

emulate the loading conditions on the cutting edge of milling inserts will be explained in detail. 

The construction drawings used for manufacture are also included in the current work (see 

Appendix A). 

The components were designed for radial-symmetric load application and high 

modularity. The central design choices, however, are integral to this concept. An inverted cone at 

the top end of the sample is in contact with a rounded body (referred to as “indenter”). Hence 

the designation, “ball-in-cone”. The flank inclination of the inverted cone and the radius of the 

indenter can be varied to achieve different load situations. For the current work however, a fixed 

geometry was used. On the following pages the geometric specifications used for this setup will 

be laid out in detail.1 

Any test setup needs a mechanism by which load is introduced to the tested material. For 

the ball-in-cone test, this falls to the so-termed indenter, illustrated in Figure 5. The indenter is a 

cylindrical rod 125 mm long and 20 mm in diameter. On one end it is spherical, displaying a 

curvature with a 15 mm radius. The rounded end is in contact with the specimen surface, applying 

the load to the tested material. 

 

1 The materials used for the samples can be found in Chapter 4.1.1.1. Sample materials and the materials used 

for indenter and sample holder are described in Chapter 4.1.1.2. Indenter and sample holder material. 
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In the following, Figure 6 shows the design of the samples used in this novel test; the 

samples are made of the material to be investigated. The design is based on both an improvement 

on the findings of [133] and the desire to keep the specimen as modular as possible. 

 

 

As can be seen in Figure 6 (b) the sample is cylindrical. It features an inverted cone 

converging on a central depression. Its flank inclination is set at 14° to achieve the previously 

mentioned relation of normal and tangential loads [132], [133]. The full diameter of the sample 

is 20 mm and the diameter of the central depression is 3 mm. The length of the main body is 45 

mm with a 3 mm long positioner with a 5 mm diameter at the bottom end. The positioner’s main 

function is to fixate the samples position with the later described sample holder during assembly 

of the whole test setup. 

Figure 5: Sketch of the load-transferring indenter; the full length of this component is 125 mm with 

a diameter of 20 mm and a curvature at the tip of a 15 mm radius. 

Figure 6: Schematic of the sample component. (a) The full-length sample measuring 48 mm total 

also with a diameter of 20 mm. (b) In the top-down view the inverted cone and the central 

depression are discernible. 
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This sample holder, shown in Figure 7, is necessary for two reasons: It enables a 

significantly reduced sample size, minimizing material waste. It also keeps the setup as modular 

as possible. Its length was set at 80 mm and its diameter at 20 mm. At one end a radially central 

bore with a diameter and a depth of 5 mm was drilled to accommodate the sample’s positioner 

 

Figure 7: The sample holder with a length of 80 mm and a diameter of 20 mm is used to support 

and fixate the sample during installation and testing. Assembled, the 5 mm deep bore 

accommodates the sample’s positioner. 

Figure 8: The assembled test setup in cross-sectional view with specimen-indenter contact 

established. (a) The assembled components sample-holder (1), sample (2) and indenter (3). (b)The 

specimen-indenter shown in contact with the sample’s flank inclination of 14°marked (). 
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The setup is fixated in the testing apparatus at three points: Clamps secure the sample 

holder and the indenter at their respective bottom ends with the sample secured via its 

positioner, inserted in the corresponding sample holder’s bore. Figure 8 sketches the full setup 

with every component in place. As implicated by the design, an uniaxial compressive load is 

introduced along the central rotational axis of the setup and split up into its normal and tangential 

components by the sample’s inverted cone’s flank inclination.  

3.2.2. The first load cycle – a simulation 

As mentioned above, previous work regarding the influence of a spherical indenter on an 

inclined surface does exist. The focus in these works primarily lay on the influence of high-load 

impacts on the coating-substrate interfaces strength properties of studied samples [134]–[139]. 

To the best of this author’s knowledge, no work on the influence of a rounded indenter on the 

damage behavior of a substrate below an inclined coated surface has been done. The load 

situation of the BIC test is not trivial. A simulation based on the finite element (FE) approach was 

conducted2 to better understand the load situation and guide the BIC test regarding specific 

regions of interest (ROIs) on the sample. 

The commercial FE package ABAQUS 2018 [140] and the element type CAX4 was used. 

The element size ranged from 1 µm in the contact area between sample and indenter to 5 mm in 

regions more distant from this site. The above presented geometric dimensions were adhered to, 

with a 3.5 µm thick TiN-TiB2 coating on the sample surface. For the coating, a purely elastic 

material behavior was used. The Young’s moduli were taken from [120] and are shown in Table 

1. In reality, the Young’s modulus for such a multilayer coating shows a gradient. For this model 

a homogenous value of 475 GPa was assumed [16]. The friction behavior of a TiB2-coating 

manufactured via plasma-spraying was studied in a ball-on-disc test using a WC-Co hard metal 

ball with a 5 mm diameter as counterpart at RT in ambient atmosphere [141]. Under 50 N contact 

load, the measured friction coefficient showed an initial value of 0.1 that changed during testing 

to 0.5. For the specimen-indenter contact of the FE model in the current work, a friction 

coefficient of 0.2 was assumed. The material parameters used for specimen and indenter 

 

2 The model, calculations and their results here presented are work performed and provided by M. Krobath 
(affiliated with the Materials Center Leoben Forschung GmbH) in the scope of this thesis [16]. 
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substrate are also shown in Table 1. The properties of materials at elevated temperatures were 

based on values in [48]. The testing temperature was set at 700 °C and material parameters at 

this temperature were assumed for the model. Testing conditions were isothermal, therefore the 

simulation assumed a constant temperature of 700 °C. In [48], the Young’s modulus was found to 

be mainly dependent on the Co content. The values provided for a WC-6 wt.% Co hard metal with 

a mean grain size of 2 µm were also used for the indenter material, despite the difference in mean 

grain size [48]. Cyclic deformation behavior of specimen substrate and indenter material was 

determined using the technique described in [72]. 

Component Material 
Co content 

[wt. %] 
Mean grain 

size [µm] 
Young's 

modulus [GPa] 
Poisson ratio 

[-] 

Specimen:  Substrate  
WC-12 wt.% 

Co 
12 2 495 0.21 

Specimen coating:  
Top layer 

TiB2 - - 525 - 

Specimen coating: 
Interlayer 

TiN - - 325 - 

Indenter WC-6 wt.% Co 6 0.7 590 0.22 

To describe the elastic-plastic material behavior of sample and indenter, an isotropic 

elastic-plastic behavior model with kinematic hardening was used; a form of a Chaboche-type 

model based on work by Chaboche et al. [16]; similarly used e.g. in [8]. In addition, creep was 

considered using the “Strain-Hardening” model provided by the ABAQUS software. While creep 

was seen as accurately described with this model, the ratchetting behavior of both sample and 

indenter material was considered as somewhat overestimated [16]. 

One of the initial uses of the model was to decide upon the uniaxial load necessary for 

achieving the targeted stresses in the sample. Compressive stresses of - 2,000 MPa can be 

expected [127]. For modelled mechanical behavior, the use of principal stresses is prevalent. A 

principal stress features non-zero values only in the σ11, σ22 and σ33 tensor positions; i.e. a stress 

Table 1: Material parameters used as input for the FE model. For the substrate materials, values 

at 700 °C were used. For the coating materials, values obtained at RT were used. 
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situation in which stresses occur only along the three spatial axes. With this approach, the 

otherwise complex stress situation is considerably simplified [103, Ch. C].  Based on findings 

regarding the stress situation of milling inserts, the target minimum principal stress was set at 

- 1,800 MPa [142]. The required uniaxial load was derived by loading the model with increasing 

loads until the calculations showed the desired stress value. The subsequently utilized loading 

curve as well as the thereby induced stresses are displayed in Figure 9. 
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Figure 9: Precise control over the introduced minimum, medium and maximum principal stresses 

in the first load cycle via correlation with the load is enabled by the simulation. The shown stresses 

are at the position of the minimum principal stresses in the substrate. For every applied load (right 

ordinate) there are corresponding stresses (left ordinate). The abscissa displays the dimensionless, 

linear time parameter, with 0 set as the starting point and 5 as the end point of a loading-

unloading cycle with a maximum load of 25,000 N. Within the first time step (0 – 1) a minimum 

contact load of -1,200 N is established. The irregular stress behavior within the first and the last 

time step is due to calculation artifacts. 
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As shown in Figure 9, the stress situation shows the target minimum principal stress as 

well as the medium and maximum principal stress. Using Figure 9, the required load for any 

desired maximum compressive stress up to -2,500 MPa can be inferred. To enable an observation 

of the damage behavior of both sample and indenter material, a further calculation for up to 

10,000 load cycles was conducted. For these calculations, a maximum compressive load of 

- 12,000 N with a resulting maximum compressive stress of -1,800 MPa in the substrate material 

was chosen. 

3.2.3. From 1 to 10,000 load cycles 

For the development of cyclic plastic deformation, ratchetting was assumed as increasing 

in linear fashion. In reality, this is not the case. This simplifying assumption leads to the 

expectation of overestimated plastic deformation with this model. Nevertheless, contact width 

and remaining indentation depth on the sample were calculated for several load cycle numbers. 

The contact width was determined on the indenter model by evaluating the distance between 

the innermost and outermost point of contact between sample and indenter. During the first load 

cycle, a contact area width of ~130 µm at a load of -1,200 N was measured. At the maximum 

compressive load of -12,000 N that width was ~400 µm. After 1,000 load cycles the width had 

increased to ~470 µm at minimum and to ~650 µm at maximum compressive load respectively. 

After 10,000 load cycles, the values at minimum and maximum compressive load were 489 µm 

and 687 µm respectively. A remaining indentation of 3 µm maximum depth was also measured 

for this load cycle number. The depth was calculated by comparing the distance between the 

surface at the point of maximum plastic deformation after 10,000 load cycles and in the initial 

state. 

In Figure 10, described in the following, the development of the difference of the 

maximum and minimum stress-values in one load cycle (Δσmax) and the stress ratio (R) over 10,000 

load cycles is displayed. The left-sided ordinate plots the Δσmax which is the greatest possible 

difference between the maximum and minimum principal stress for the course of the denoted 

load cycle [16]. The right-sided ordinate plots the stress ratio (R), which is the quotient of the 

minimum and maximum principal stress, indicating the cyclic mean stress at the respective 

position. As is convention, R approaching negative infinity means purely compressive stresses, 
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while convergence to zero describes a significant tensile stress component [16], [43, Ch. 319–

321]. The path on the abscissa is located in the sample’s substrate about 4 elements of the FE 

model body below the substrate-coating interface. This represents a distance of approximately 

4 µm to this interface. Distinguishing the development of these stress modes is especially 

important since a change in loading mode has been documented to have a notable influence on 

the fatigue behavior of WC-Co hard metals [5]. Understanding the BIC test’s load situation over a 

wide range of load cycles enables studying such effects in coated substrates. 

Of particular interest in Figure 10 is the area from 3.25 mm to 4 mm, which is the main 

contact area. In this area three positions were chosen for microstructure documentation: The 

central position (P1), and the outer-fringe (P2) and inner-fringe (P3) positions. The definition 

outlined in the following is also valid for the following chapters in the current work. In the first 

hundred load cycles, the peak Δσmax is reduced from 1,800 MPa to 1,500 MPa. From 1,000 load 

cycles onwards Δσmax at P1 is further reduced. P2-3 see increasing stresses. At P1, R constantly 

shows convergence toward -∞. At P2, R is close to 0 and at P3 below -4. In Figure 10, P1-3 are 

marked. The central position is set at 3.625 ±0.05 mm from the path starting point. That starting 

point is set at the test setup’s central axis. The outer-fringe position was placed at 3.875 ±0.05 

mm, the inner-fringe position at 3.375 ±0.05 mm. According to Figure 10, the central position sees 

mainly compressive stresses, while an alternation between tensile and compressive stresses 

occurs at the other positions. 
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3.3. Practical utilization of the ball-in-cone test 

The greatest advantage of the BIC test’s concept design proved to be the highly modular 

samples. Their design was rotationally symmetric and so are the introduced stresses. The sample 

could be loaded to a desired load cycle number and the microstructure investigated via a cut 

placed via focused ion beam (FIB) milling. This did not destroy the entire sample; it was loaded to 

another, higher desired load cycle number and its microstructure studied at a different azimuthal 

Figure 10: Development of Δσmax and the cyclic stress ratio R from 1 to 10,000 load cycles over the 

path. This path is set parallel to the cone flank 4 elements, about 4 µm, below the coating-

substrate interface. The starting point is at the specimen’s central axis. The end point is at the 

outer edge of the sample’s inverted cone. At the central position (P1) the stress ratio R approaches 

-∞ and Δσmax is initially high. At the outer-fringe position (P2) the stress ratio is close to 0 and 

Δσmax is lower than at P1. At the inner-fringe position (P3) the stress ratio is below -4 and Δσmax 

similar to that at P2. 
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position using another FIB cut. Keeping a sufficient distance from the prior positions was 

necessary because superficial defects can distort the surrounding stress situation over distances 

several times their diameter. This is the reason why a sufficient distance between e.g. Vickers 

hardness measurements on the same specimen is required [43, pp. 121–123]. The dimensions of 

the FIB cuts were approximately 30x30x30 µm³. Following the prior considerations, the minimum 

distance was set at 300 µm. An angular difference of the azimuthal angle ranging between 45° 

and 60° was deemed sufficient. Note that Figure 11 (1) and (2) mark an investigation each. 

 

Figure 11: Visualization of repeated specimen use with the BIC test. The specimen was tested once 

and investigated with FIB-cuts. The azimuthal position was marked on the specimen (yellow 

triangle) and the FIB-cut placed at (1). Large parts of the specimen surface area remain unused. 

The specimen is tested again and investigated using another set of FIB-cuts at (2). The process was 

repeated up to 4 times (n). Cumulative microstructural damage in one specimen was documented. 
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4. Experimental application of the ball-in-cone test 

The damage initiation in hard-coated WC-Co hard metal specimen under multi-axial loads 

at elevated temperatures in a vacuum environment was studied. For this, the novel ball-in-cone 

test was used. Because of the novelty of the setup, its usability and degradation were also 

observed. 

4.1. Experimental details 

4.1.1. Investigated material 

For indenter, sample holder and specimen, two WC-Co hard metal grades were used. The 

specimens were coated. Further details are as follows. 

4.1.1.1. Sample materials 

A WC-12 wt. % Co hard metal was chosen as sample material. The mean grain size was 2 

µm. The specimens were manufactured following the traditional powder-metallurgical route with 

the inverted cone ground into the green body followed by subsequent sintering. A TiN-TiB2 

multilayer coating was deposited in a method similar to those described in literature [121], [122]. 

As a result, the coating surface was devoid of cracks, but featured significant residual compressive 

stresses [121]. It was assumed that coating failure was unlikely. In total, six samples were 

produced by Ceratizit Austria GmbH in one and the same production batch. This was to ensure 

greatest possible homogeneity in defect density and distribution in the investigated samples 

[143]. For the investigations performed in the current work, four of those samples were randomly 

chosen. 

4.1.1.2. Indenter and sample holder material 

Indenter and sample holder were manufactured similarly to the sample. The material was 

a submicron-grade WC-6 wt. %Co with a mean grain size of 0.7 µm. Both components were left 

uncoated. Two of each component were provided by Ceratizit Austria GmbH; of the available 

pieces one was randomly selected for the BIC test and the duplicates kept in case of unexpected 

material degradation in the used parts. 
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4.1.2. Load application 

For load application, the servo-hydraulic testing apparatus Instron 8803 was used; 

described in more detail by Maier et al. in [72]. Uniaxial load was introduced by the machine and 

split into normal and tangential loads by the BIC geometry. 

4.1.2.1. Ambient temperature and atmosphere 

A testing temperature of 700 °C was targeted. The BIC test was set for isothermal 

conditions; i.e. the temperature unchanging during loading. Thermal stability was ensured by 

using two spot-welded thermocouples. One was used for temperature regulation, the other for 

control measurements, both positioned as shown in Figure 12 (a-b). The BIC test setup has to 

endure elevated temperatures for the duration of the heating, testing and cooling period. Prior 

to testing, the temperature is held for 15 minutes to achieve thermal equilibrium. The procedure 

takes well over an hour. The BIC setup – uncoated indenter and sample holder especially – was 

therefore deemed at significant risk of oxidation. To avoid this, the servo-hydraulic testing 

apparatus was fitted with an auxiliary vacuum chamber. Tests were performed at a base pressure 

of 5*10-6 mbar. The installed setup is shown in Figure 12 (b).  

 

Figure 12: Photographic documentation of sample and indenter prior to and after installation. (a) 

Thermocouples are spot welded prior to installation on the indenter (1) and the specimen (2). The 

marking indicated by the black arrow gives the position of the fixation clamps. (b) In full assembly 

the thermocouples are still visible. The setup is installed in the vacuum chamber within the 

induction coil (3) used for eddy current heating. 



Lukas Walch  Experimental application of the BIC test 

33 

4.1.2.2. Target load 

A target stress was chosen based on previous work on stresses seen by machining tools 

[18, pp. 58–72], [127], [128, pp. 113–124], [142]. The aim of the BIC test was to introduce these 

target stresses in the specimen substrate. The testing machine, however, was operated via a load 

cell. This was solved as discussed previously, with the targeted minimum stress of -1,800 MPa 

corresponding to -12,000 N uniaxial load; see Figure 9 for further details. Most machining 

operations performed see segmented chipping [18, pp. 41–99], regardless of whether the cut is 

continuous or discontinuous. This usually results in load fluctuations (Klocke and König, 2008, pp. 

41–99. An impact test was considered unfitting, because it would have introduced a more 

complex, less controllable stress situation, while at the same time reducing setup stability. 

Considering this, a cyclic loading condition with a maximum compressive load of -12,000 N and a 

minimum compressive load of -1,200 N with a frequency of 2 Hz was chosen. Prior to the first full 

load, the sample was fixated during installation and heating with ~5% of the maximum load at 

approximately -500 N. Since this meant a compressive stress of ~-90 MPa, resulting mechanical 

and creep effects were assumed as negligible [16]. 

4.1.2.3. Investigated load cycles 

Previously, the possibility of multiple specimen uses has been explained3. This was fully 

utilized in the here presented investigations. Table 2 shows the progressive load cycle numbers 

at which the specimen microstructures were documented using FIB-cuts. The specimens were 

designated as Dβ01-4. 

  

 

3 Outlined in Chapter 3.3. Practical utilization of the ball-in-cone test. 
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Target load cycle numbers 0  10  85  850  1,700 2,500 3,400 5,000 10,000 

Sample 

Dβ01 - P1-2 P1-2 P1-3 - - - - - 

Dβ02 - - - -  - P1-2 P1-2 P1-3 P1-3 

Dβ03 - - - P1-3 P1-2 P1-3 - - - 

Dβ04 P1-2 P1-2 - - - - - - - 

4.1.3. Sample documentation 

To observe the damage evolution of both specimen and indenter, several methods of 

documentation were employed. Visual inspection of the samples was used to determine large-

scale changes to the specimen surface area. Discolorations and macroscopically visual aberrations 

from the initial state of indenter or specimen were detected and subsequently documented using 

photography. Exposure of the microstructure was enabled by utilization of a Dual-Beam FIB-

capable SEM (a Zeiss AURIGA-CrossBeam work station). Prior to the FIB milling, the sample was 

prepared by deposition of a thin layer of platinum with a thickness < 1 µm. The pit was cut with a 

Ga+ ion beam, stimulated with an excitation voltage of 30 kV. For microscopic documentation a 

Zeiss EVO MA 25 work station was used. Secondary electron (SE) and electron back-scattered (EBS) 

contrast modes were used for visualization of the specimen microstructure. Excitation voltage 

varied from 2 kV to 10 kV with a working distance of 5 mm to 8 mm. As for the indenter: apart 

from macroscopic documentation via standard photography, SEM micrographs were used to 

visualize the superficial material degradation of the indenter. For these investigations, SE contrast 

with an excitation voltage of 15 kV at a working distance of 11 mm was employed. 

 

4 As defined in Chapter 3.2.3. Load cycles from 1 to 10,000 load cycles. 

Table 2: Overview of the target load cycle numbers at which the specimen microstructure was 

investigated using FIB-cuts, placed according the previous definition of ROIs4. 
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4.2. Performed investigations 

4.2.1. Investigations regarding the viability of the BIC test 

The BIC test is a novel testing method with a complex load situation. Several investigations 

regarding the viability of its results were performed as follows. 

4.2.1.1. Installation and temperature calibration 

Any novel test method must, after successful conception, pass the test of practical 

application. This was also the case for the BIC test. Consequently, the installation process was 

well-documented. Even more crucially, so was the temperature calibration procedure. A 

temperature rise was induced via an induction coil in a setup consisting of three distinctive 

components differing in volume. One of these components also featured a coating layer. While 

the thermal properties for indenter, sample holder, sample and coating material were of similar 

magnitude, temperature gradients of some kind were expected and studied. The main 

investigative tool hereby was positional variation of the sample with its indenter and holder with 

respect to the induction coil. Temperature control was provided via the aforementioned 

thermocouples5. Since the specimen used for calibration designated as D01 was also used in 

subsequent testing, two investigations at 10 and 850 load cycles were replicated with other 

specimen to determine the influence of creep on the observed magnitude of damage. 

4.2.1.2. Test setup degradation 

One major unknown quantity of the BIC test was the rate of material degradation in the 

indenter. The initial state was only documented via standard photography. Subsequent surface 

documentation was performed via SEM after 3,360 load cycles and after 15,110 load cycles. 

  

 

5 For more details, see Chapter 4.1.2. Ambient temperature and atmosphere. 
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4.2.2. Investigations regarding damage introduced by the ball-in-cone test 

Concurrent with the aforementioned investigations were those studying the damage 

occurring in the specimen substrate due to stresses introduced by the BIC test. 

4.2.2.1. Sample documentation and defect frequency 

As described in the previous section, the specimens’ relevant surfaces as well as their 

microstructure were investigated. The latter was exposed using a FIB with subsequent 

visualization via SEM micrographs. The surface documentation was inspected regarding artifacts 

stemming from manufacture (e.g. grinding grooves, coating flaws) and therefore with a particular 

focus on deviations from an ideal surface. 

Regarding the microstructure, defect size and frequency were investigated in 

consideration to their possible origin; i.e. whether they were introduced during manufacture or 

testing. Every detectable defect, regardless of size, was counted. They were sorted in broad 

categories of size magnitude. As discussed before, defect size influences the fracture behavior of 

WC-Co hard metals [41]. The greatest dimension of a defect is thereby of significant relevance. 

For size classification, only the largest measurable diameter of each defect was considered. 

Defects with a maximum diameter (Ømax) smaller than 0.1 µm were denoted nanodefects (NDs); 

those with a maximum diameter greater than 1 µm were denoted defects (Ds) and those in-

between 0.1 µm and 1 µm microdefects (MDs). They were counted and categorized separately 

for every position at which a FIB-cut was placed. In addition to this quantitative approach, a 

qualitative assessment of the investigated microstructure was undertaken. 

4.2.2.2. Measuring contiguity and mean free path of the binder phase 

Contiguity and the mean free path of the binder phase (lCo) have already been linked to 

the mechanical properties of WC-Co hard metals [28, pp. 107–110], [75]. Both were obtained for 

each specimen. The applied methodology is outlined in Appendix D for contiguity values and in 

Appendix E for the mean free path of the binder phase. All obtained results are included in 

Appendix F. 
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4.3. Results 

4.3.1. Ball-in-cone test applicability 

The results of all investigations concerning the viability and validity of the BIC test are 

presented in the following. Particular attention was paid to the control, setup degradation and 

the evaluation method, i.e. the accuracy of FIB cut placement. 

4.3.1.1. Installation and temperature control 

While the installation of the BIC test setup was possible without problems regarding either 

stability or fixation, the temperature calibration proved to be of greater difficulty. Great 

differences between the temperatures measured by the thermocouples installed on specimen 

and indenter were an issue. These were primarily attributed to the volume differences of 

specimen and indenter in combination with thermal barriers created by both the use of different 

materials for the components and vacuum in-between the parts. The complex BIC test setup 

geometry was expected to result in inhomogeneous eddy currents. The temperature field in the 

test setup was therefore expected to also be inhomogeneous. For temperature calibration, setup 

and specimen D01 were heated repeatedly. The sample positions relative to the induction coil 

were varied several times. The temperature range was from RT to ~850 °C. The results as well as 

the identified temperature trend are displayed in Figure 13.  
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The abscissa shows the positional range of the servo-hydraulic testing machine’s actuator 

with a full range from -50 to +50 mm. The positions described in the following are outlined in 

Figure 14 (a-c). An actuator positional value of -50 mm denotes a position with the sample located 

in the middle section of the induction coil, see Figure 14 (a). At -25 mm in Figure 14 (b) the sample 

is only partially immersed in the lower part of the induction coil. It is almost fully immersed at -5 

mm. The sensitivity of the setup’s temperature to positional changes proved the main hindrance 

to temperature control. Without change in position the same temperature was achievable. 

However, maintaining the exact same position while e.g. changing a sample proved impossible. 

Consequently, a range with acceptable tolerance to slight positional changes was sought. A 

sufficient range was found in actuator positions -10 to 0 mm visualized in Figure 14 (c). In this 

Figure 13: Temperature signals from thermocouples mounted at sample and indenter as a 

function of actuator position. A polynomial fit of the 3rd order shows an ideal position close to -5 

mm with a minimum temperature difference between sample and indenter below 15 °C. 
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positional range the temperature differences were always below 35 °C. To minimize the 

asymmetry of temperature differences in sample and indenter the following procedure was used: 

Once the temperature had not changed within 15 minutes the actuator position of the BIC test 

setup was adjusted. Thereafter the temperature difference to 700 °C for indenter and sample was 

identical. The resulting temperature difference was e.g. 695 °C and 705 °C for indenter and sample 

thermocouples respectively instead of 700 °C and 710 °C. For most performed tests, the so 

achieved temperature difference was smaller than 15 °C. 

 

4.3.1.2. Degradation of the indenter 

Regarding the degradation of the indenter, especially of the surface in contact with the 

specimen, the performed investigations yielded the results shown in Figure 15 (a-b) in SEM 

micrographs in SE contrast mode. The graphs show a particularly damaged part of contact area 

on the spherical indenter surface. From the shown point of view, the tangential load is applied 

along the horizontal axis; the central axis is on the left side. The shown graphs were taken after 

setup calibration and 3,360 load cycles as well as 15,110 load cycles. Only macroscopic 

documentation of the initial state of the indenter surface was done. 

While the indenter surface showed some defects and faults after 3,360 load cycles, most 

are oriented arbitrarily to the tangential load direction, which is vertical from right to left in Figure 

15 (a). Some fine grooves and scratches are visible, predominantly diagonal from the bottom left 

to the top right of the graphs. Larger grooves for the most part share this orientation. Only few 

grooves on the outer fringes of the contact area are parallel to the tangential load direction. Any 

aberrations suffered from the normal load are undetectable with the employed methods. As a 

Figure 14: Three positions of the sample in the BIC test setup as a function of the imposed actuator 

position: (a) -50 mm, (b) -25 mm, (c) -5 mm.  
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whole, the indenter surface appears largely unchanged by use in the BIC test. Individual scratches, 

grooves or defects can be explained by the indenter’s seen use. The vast majority of visible 

aberrations from an ideal spherical surface are however inexplicable with only the BIC test and 

most likely stem from manufacture. 

After 15,110 load cycles the situation has somewhat reversed. Now the majority of visible 

grooves, however shallow, is oriented parallel to the tangential load direction. The center of the 

contact area also shows a marked discoloration compared to the outer fringes and earlier 

documentation, visible in Figure 15 (b). Former deep grooves and scratches appear distinctly 

shallower while new ones are detectable, oriented in parallel to the tangential load direction. 

After 15,110 load cycles the damage remained superficial. However, the contact surface of the 

indenter slightly changed. This also allowed visual determination of the remaining contact area 

width. The width of the contact area between sample and indenter was determined from Figure 

15 (b) via measurement of the remaining discolorations on the indenter. It was assumed that the 

constant load of -1,200 N was the cause of the more intense discoloration marked by Figure 15 

(b-1). The so measurable contact width was at ~100 µm. Due to elastic-plastic deformation of 

specimen and indenter, the measured width was ~500 µm for the -12,000 N load. 

 

Figure 15: SEM micrographs showing the surface of the indenter. (a) After temperature calibration 

and 3,360 load cycles some superficial damage is visible. (b) After 15,110 load cycles (N) new 

superficial damage is observable. Defects detectable in (a-b) are marked with white arrows. 

Defects only visible in (b) are marked with black arrows. Measured contact widths for -1,200 N (1) 

and -12,000 N (2) are indicated by the black, dotted double arrows. 
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4.3.1.3. Accuracy of ROI positioning 

Finally, the positioning of the FIB cuts in the ROI was investigated. Whether the positions 

correlated with their actual placements shall be answered in the following. No designated 

investigation for the positioning itself was performed. Rather, it was conducted using a simple 

pattern: From the simulation, the radial distance of the relevant positions was well known. This 

distance had to be adjusted in consideration of the 14° skewering angle of the samples inverted 

cone. The approximate azimuthal position was fixed in respect to circumferential markers placed 

at 120°, shown in Figure 16 (a). With this procedure the positions were each hit with an 

approximate accuracy of ± 50 µm in radial direction. FIB-cuts for the central position (P1) and the 

fringe positions (P2-3) obtained via this procedure are representatively shown in Figure 16 (b). 

 

4.3.2. Substrate damage evolution with progressive load cycles 

Before any substrate-focused investigation, the specimen surface in the area of specimen-

indenter contact was investigated. The most relevant results are shown in Figure 17. Direct 

comparison shows that visually, the specimen changes on a macroscopic level. From 10 load 

Figure 16: Azimuthal and radial positioning of the FIB-cuts by example of specimen Dβ02. (a) 

Documentation by standard photography. Markers for the correct azimuthal positioning of the 

FIB cuts are visible. The first azimuthal position was chosen randomly; the following with respect 

to the first. (b) A SEM surface micrograph of the same specimen after 5,000 load cycles. The 

distances of the positions from the specimen’s central axis are indicated with dotted lines. The 

visible FIB-cuts are marked with white arrows. 
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cycles in Figure 17 (a) to 10,000 load cycles in Figure 17 (b) those alterations, while visible, remain 

minor. In the main, change is expressed by a slight discoloration after 10,000 load cycles of the 

specimen as a whole and the contact area in particular. 

On a microscopic level, no clear distinction between a specimen surface in its initial state 

and loaded for 10 or 10,000 load cycles was possible. While clear grooves are visible in Figure 17 

(a-c) their most likely causes are manufacturing processes. Distinctive asperities are visible 

regardless of load cycle count; they represent deviations from an ideally flat surface usually 

assumed e.g. for simulations. 

 

As first result of the investigations focused on the specimen substrate, the microstructure 

of a representative specimen is shown on a FIB cut in Figure 18 from the surface to the substrate. 

Figure 17: Macroscopic (a, e) and microscopic (b, c, d) surface documentation of specimens in 

virgin and tested states. The macroscopic documentation was conducted using standard 

photography. The SEM micrographs are in SE contrast mode. Differences in brightness are due to 

differences in the viewing angles. (a-b) Macroscopic and microscopic surface documentation of 

specimen D04 after 10 load cycles. (c, e) Microscopic and macroscopic surface documentation of 

specimen D02 after 10,000 load cycles. (d) Microscopic surface documentation of specimen D04 

in virgin state. The scale in (d) is also valid for (b-c). 
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To count defects, proper differentiation of a defect from its surrounding phases is 

required. To this end the SE and EBS contrast mode were utilized. Every investigated position was 

documented in both modes; by comparing a position in both contrast modes, even a defect of 

Figure 18: SEM micrograph in EBS contrast mode of a FIB-cut on specimen D02 after 5,000 load 

cycles. From the surface downwards the for FIB-cutting necessary Pt-layer (1) is first. Below follow 

the TiB2 (2) and the TiN (3). Last is the substrate (4). The in this contrast brighter tungsten-carbide 

grains (WC) are clearly distinguishable from the darker Cobalt-phases (Co). The distances to the 

coating-substrate interface (depths) relevant for later analysis are highlighted on the left side. 
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poor visibility was exposed due to the differences in contrast. The basic principle is outlined in 

Figure 19 (a-b). 

 

On a purely qualitative basis, several distinctive types of defects were observed. While 

there was some fluctuation of shape and size, the main features of those defects remain 

unchanged, as shown in Figure 20 (a-e). All three main types of categorization by size are 

represented; nanodefects (ND) with a maximum diameter <0.1 µm, microdefects (MD) >0.1 and 

<1 µm, defects (D) >1 µm. Microdefects were further distinguished by shape. 

Figure 19: Process for detection of defects with poor visibility by example of specimen D03 after 

1,700 load cycles. (a) The SEM micrograph in SE contrast mode. (b) The SEM micrograph in EBS 

contrast mode. In both micrographs defects are dark in direct comparison with the surrounding 

substrate. Visible nanodefects are marked with black arrows in both micrographs. 

(a) (b) 
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Figure 20 (a) shows typical NDs, both singular and arranged in a string, marked with white 

arrows. They always exhibit a circular shape. In Figure 20 (b) an elongated microdefect denoted 

type I (TI) is shown. Microdefects (MDs) with their maximum extension larger than three times 

their minimum extension were allocated to TI. In Figure 20 (c) the other main type of MD can be 

observed; its measured maximum and minimum extension typically do not differ by much. 

Consequently, it features a roughly circular shape. From here on, it will be referred to as an MD 

Figure 20: Several size and shape categories were distinguished. Representative examples are 

shown in (a-e). (a-c) Micrographs from sample Dβ02 after 3,400 load cycles in P2, in SE contrast. 

(d- (e) Defects documented in specimen Dβ03 after 2500 load cycles in P3, in SE contrast. The 

categories are as follows: (a) Nanodefects with Ømax < 0.1 µm; (b-d) Microdefects with 0.1 µm ≤ 

Ømax ≤ 1 µm; (e) Defect with 1 µm < Ømax. 
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of type II (TII). Finally, Figure 20 (d) shows a hybrid type of microdefect; an elongated TI joined 

with a circular TII and hence denoted as type III (TIII). Figure 20 (e) shows a typical category D 

defect. Typically, its maximum extension far exceeds that of the minimum extension. These defect 

types were identified as typical and counted (see Appendix C). The results are shown in Figure 21 

(a-c) for positions P1-3.  

 

At each position, a clear rise in defect frequency with progressing load cycles is observed. 

While the central position P1 in Figure 21 (a) shows a clear growth in numbers of nanodefects 

(NDs) in the first 1,000 load cycles, their count mostly stagnates later on. MDs and Ds show only 

slight, if any, growth in numbers by comparison. However, no Ds were observed at 0 load cycles. 

For the outer-fringe position P2 in Figure 21 (b) the defect count exhibits near-exponential growth 

for NDs. With MDs the situation is not as clear, but growth in numbers is still pronounced. At the 

inner-fringe position P3 in (c) the situation is similar to that of P2, yet less pronounced in terms 
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Figure 21: Evolution of frequency of different 

defect types per unit length of 30 µm FIB cut over 

the number of load cycles applied in a BIC test at 

700 °C. All results are shown.  The virgin state 

(i.e. 0 load cycles) is included. (a) The results for 

P1. (b) The results for P2. (c) The results for P3. 

The microstructure was not documented at this 

position after 10, 85 and 1,700 load cycles, see 

Table 2. The legend is also valid for (a-b).  
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of absolute defect count. To enhance readability, TI-III were not distinguished in Figure 21 (a-c). 

However, this was done in Figure 22, with only the development of MD types for the investigated 

load cycles shown. 

In Figure 22 (a-c), the ratio of each defect type count to the sum of all microdefects is 

displayed as a function of the applied load cycles number to highlight the development of defect 

shape distribution. For the central position P1 in Figure 22 (a), the ratio of TII defects increases in 

contrast to that of TI defects which decreases, three outliers excepted. The increase of the TII-

ratio is observable despite the slowed MD formation rate at this position at load cycle numbers 

above 1,000. A similar development takes place at the outer-fringe position P2 in Figure 22 (b), 

also with several outliers. Regarding the inner-fringe position P3 in Figure 22 (c), at least for the 

load cycles at which investigations were performed the ratios appear relatively stable with TI 

defects most pronounced at the higher load cycle numbers. For all three positions, the ratio of 

TIII defects was at a rather constant, albeit low, level. 
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cycles.  see Table 2. The legend is also valid for (a-b). 
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In addition to these distinctions hereby another one was investigated: That of depth. In 

Figure 23 (a-c) defects up to 2 µm below the substrate-coating interface, below more than 4 µm 

and those in-between are distinguished (see Appendix C). Defects of ambiguous depth were 

allocated as the majority of their cross section lay. All NDs, MDs (not distinguishing type) and all 

Ds are shown by count 

 

For all three positions the predominance of defects at above 2 µm is observable. However, 

with increasing load cycle count, the number of defects at greater depths also increases. At the 

central position P1 in Figure 23 (a) defects, particularly nanodefects, are found below 2 µm depth 

after the first few load cycles; their rate of initiation approximately proportional to that of defects 

above 2 µm. At the outer-fringe position P2 in Figure 23 (b) and inner-fringe position P3 in Figure 

23 (c) the observed developments are similar. Across all investigated positons, the ND nucleation 

rate appears relatively constant regardless whether NDs, MDs or Ds are considered. 
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4.4. Discussion 

4.4.1. The ball-in-cone test: Introducing multi-axial loads into coated WC-Co substrates 

As the investigations have shown, installation of the BIC test in the testing apparatus as 

well as the testing procedure per se posed no difficulties. The induction heating, however, did. As 

presented in the previous chapter6, considerable temperature gradients proved a hindrance to 

initial testing. During temperature calibration, this could be resolved. The specimen D01 was 

used for temperature calibration and was exposed to elevated temperatures up to 800 °C at a 

constant load of ~500 N for several hours. It was later also tested and its microstructure compared 

to that of specimens D03-4 which were tested in the same conditions, to the same load cycle 

number. However, they had not been exposed to elevated temperatures for a comparable time-

span. The number and size of observable defects was similar in all three specimens. Consequently, 

creep in specimen D01 during temperature calibration was likely negligible.  

Once temperature calibration was finished and a procedure had been established by 

placing the specimen in the found optimal position, the measured temperatures homogenized. 

In the vicinity of the indenter-specimen contact the temperature gradient was seen as negligible. 

Considering the complexity of inductive heating, that assumption needs to be critically observed. 

Due to the vacuum, the conductive heat transmission coefficient between test setup and 

surrounding atmosphere can be assumed as close to zero, since convective heat transmission is 

reliant on a fluid medium [144, Ch. F]. At the same time WC-Co hard metals are known for their 

high thermal conductivity [35]. Following the idealized Biot-concept for thermal gradients in 

bodies, any such gradients are assumedly negligible in the studied specimen [144, Ch. E]. 

Consequently, the temperature field of the specimen body is assumed to be roughly homogenous 

with no significant differences from edge to core temperature. This in part validates the basic 

assumption of correct temperature measurement in the described BIC test setup. 

However, taking into account eddy current effects of induction heating like the skin effect 

the situation is less clear. These effects after all cause non-uniform current distribution 

throughout sample and indenter, with increased power density in surface-near regions. The skin 

 

6 See Chapter 4.3.1.1. Installation and temperature calibration. 
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effect is most pronounced for magnetic materials below their Curie temperature [145, pp. 60–

66]. Due to the ferromagnetic Co, WC-Co hard metals are magnetic at RT. However, the chosen 

testing temperature is in the vicinity of the Curie temperature of the sample material, which has 

been measured at 750 to 1000 °C and linked with the amount of WC dissolved in Co [146]. This 

means that the skin effect likely is somewhat dampened in its magnitude. This, in all probability, 

extends to related effects like the longitudinal end effect, which sees increased power density for 

the coil-submerged end of cylindrical bodies [145, pp. 79–85]. To conclude, the impact of the skin 

effect is hard to estimate by theoretical considerations alone. 

An indication may be provided in [147]: The temperature gradient in induction coil-

submerged WNiCo heavy alloy cylinders of similar proportions to the BIC test setup was studied. 

Numerical simulation and experimental validation of several minutes of inductive heating was 

conducted. At the cylindrical ends, the predicted temperature difference between shell and 

central axis of the cylinder was ~30 °C. Yet the temperatures were not held constant for an 

extended time span as is the case with the BIC test. Assuming an equally or more homogenous 

temperature distribution in thermal equilibrium consequently seems admissible. The assumption 

of appropriately accurate temperature measurements at the allocated positions close to the 

contact area as shown in Figure 12 (a) can be considered sufficient for initial testing. Nonetheless, 

further measures regarding the temperature control and the accuracy of measurements merit 

consideration in future applications of the BIC test. Those may include e.g. additional 

thermocouples installed at a greater distance to the contact area or thermal imagining of sample 

and indenter at test temperature for improved knowledge of a surface temperature gradient. 

Regarding prolonged use of the BIC test components, the multiple use of the specimens 

proved highly effective. A clear progress of substrate damage was observable in all specimens, as 

Figure 21 (a-c) shows. At the same time, Figure 17 (a-c) shows an unchanged specimen surface 

quality regardless of the number of load cycles they were subjected to. This indicates that the 

substrate, as intended, is the main recipient of plastic deformation and damage in the sample. 

The indenter, however, exhibited clear signs of superficial degradation shown in Figure 15 (a-b). 

The original orientation of the minuscule grooves shown in Figure 15 was lost in the center 

of the contact area. There, permanent contact between sample and indenter was sustained 
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throughout the entire duration of the applied load cycles. Those grooves are oriented parallel to 

the direction of tangential load. In addition, several new grooves and surface damages are visible, 

of likewise orientation. The change of groove orientation in particular is likely due to some relative 

motion of specimen and indenter either during or in-between load cycles. This relative motion 

may be due to elastic deformation of indenter and sample. The groove orientation shows a 

declining gradient in discoloration intensity from the center of the contact area outwards to the 

outer and inner fringe. Consequently, the orientation parallel to the tangential load direction is 

most pronounced in the center of the contact area, where permanent contact is ensured.  

The concurrent lack of concentric circular grooves and surface damage features indicates 

that relative azimuthal motion of indenter and specimen during testing is mostly negligible. It is 

therefore probable that most, if not all, relative motion of indenter and sample is restricted to 

that of radial slip in the course of each load cycle [148], [149]. Exemplary grooves are marked with 

black arrows in Figure 15 (b). The grooves also represent a change in indenter-specimen contact. 

This is a deviation from both the initial contact situation and the idealized situation assumed for 

the simulation. Also, the relative azimuthal position of sample and indenter was not marked. 

Therefore, once a specimen is removed from the testing apparatus for examination, the initial 

relative azimuthal position of indenter and specimen cannot be reproduced. In visual inspection 

the specimen surface was observably homogenous. However, roughness asperities might 

produce a significant yet hard to estimate change in the local stress situation. This change could 

be alleviated by providing a marking on both sample and indenter for correct alignment in future 

applications of the BIC test. 

4.4.2. Experimental validation of the ball-in-cone test finite element simulation 

The simulation was used to predict sites subjected to the highest loads. At the investigated 

sites, considerable damage evolution was observable. While the stress situation itself can be 

expected as sufficiently portrayed in the first load cycle, a distinctive deviation of experiment and 

simulation with progressing load cycles is concerning. At 10,000 load cycles, the contact width at 

the minimum compressive load of -1,200 N is, in the FE model, estimated at 489 µm. On the 

indenter after 15,000 load cycles the largest measureable extent of visible contact traces was 

caused by the maximum compressive load of -12,000 N. It measured ~500 µm, shown in Figure 
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15 (b). Because the employed FE model considers the ratchetting effect linearly, this is the most 

likely cause for this overestimation. The implementation of a model correctly considering the 

ratchetting effect should therefore be considered a priority before future use of the BIC test. 

Ideally, the remaining indentation on a sample could also be used as a means of validation 

of the simulation. However, the fact that the simulation predicted a maximum indentation depth 

of 3 µm after 10,000 load cycles any available experimental measurement of such a small depth 

was considered unreliable. The maximum depth would be overestimated due to the models 

inherent weakness in correctly considering ratchetting. In addition, any depth measurement 

could only occur in relation to the surrounding surface, itself inclined at 14°. This inclination would 

impose additional difficulties on measuring apparatuses as e.g. atomic force microscopes. 

However, an optical investigation capable of both sufficient resolution and consideration of the 

surface inclination, as e.g. a white-light interferometer [150], could conceivably be used for 

validation and is hereby recommended where possible. 

4.4.3. Evolution of damage in hard-coated WC-Co hard metal substrates 

The microstructural parameters of contiguity and mean free path of the binder phase 

were measured for all investigated specimen and have shown excellent agreement with values 

reported in literature (see Appendices D-F). For both parameters the average values remained 

similar, whether the individual values were averaged by specimen or depth. The scatter of the 

obtained values was considerable, which was also observed in other works [151], [152]. 

The damage behavior of the studied WC-Co hard metal displays several distinct trends. 

Foremost, practically all observed defects were located in the binder phase. Very rarely, small 

pores in the carbide grains were found and once a carbide grain which appeared cracked was 

detected (see Appendix B, Figure 27, 3,400th load cycle at P3, blue marking). Regarding damage 

initiation, there is the sensitivity to stress ratio including tensile components. This has been 

observed in previous works and sees further validation with the results delivered by the BIC test 

[5], [98], [153]. The defect initiation, in particular of the nanodefects, initially shows faster kinetics 

where there are mainly compressive stresses. The defect formation rate progression remains 

linear and later stagnates, as shown in Figure 21 (a). This stagnation also correlates with a reduced 

stress amplitude. In contrast, at the fringe positions where a combination of tensile-compressive 
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stresses was prevalent, the ND formation rate increases continuously, as seen in Figure 21 (b-c). 

This indicates that any tensile component is more damaging than greater, mainly compressive 

stresses. Regarding the general formation of nanodefects, the most likely causes are Co self-

diffusion and vacancy agglomeration enhanced by the elevated temperature and subsequent void 

formation. This has been reported in literature and the formation of such voids can be considered 

as origin for further cracking and failure [15]. 

Besides nanodefects, microdefects also show clear numerical growth at all investigated 

positions, as visible in Figure 21. The trend was more pronounced at the fringe positions than at 

the central position. In general, MDs exhibited three distinct shapes of varying frequency. The 

fraction of each shape type of the total microdefect count was observed to change with the 

number of load cycles. With progressing load cycles, the circular shape type TII increased in 

prominence, as shown in Figure 22. The ratio of circular-shaped MDs starts at approximately 0.33 

at all positions studied at low load cycle numbers. With progressing load cycle numbers, this ratio 

increases significantly to almost double that at the central position and slightly less at the fringe 

positions. The hybrid TIII microdefects constitute a constantly small fraction.  

The shape of each type can be explained by the dependency of possible shapes on the 

defect position. Elongated defects occur only in-between WC grains, where the Co-phase 

intercepts are small and there is little binder phase. Thin intermediate layers of only two 

monolayers thickness have been observed at straight facets of WC grains [154]. Co has a higher 

propensity for creep compared to WC and dislocation movement is limited in very thin binder 

phase layers. Considering this, the formation of elongated MDs may be attributable to void 

accumulation due to Co self-diffusion. [81], [82], [155]. Given the observed occasional clustering 

of nanodefects, the formation of such microdefects might occur in stages. Assumedly several NDs 

would form in close proximity to each other and at a later stage either join either by growth or 

formation of new nanodefects in the gaps between the defects. NDs were sporadically found 

forming strings consisting of several individual nanodefects and sometimes smaller circular 

microdefects (see Appendix B). This is consistent with the model concerning the formation of new 

NDs. These nanodefect strings likely form because the loaded cross section between defects is 

reduced and local stresses therefore increased. Also, due to the significant difference in the yield 

strengths of Co [156] and WC [54] at 700 °C, plastic deformation occurs more readily in the Co 
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phase. Consequently, nanodefect growth in thin Co intercepts is likely constrained by the WC-Co 

interfaces. 

With increasing load cycle number, the circular-shaped microdefects made up a growing 

fraction of the total MD number, as seen in Figure 22. In contrast to the elongated TI microdefects, 

they are most often initiated at WC-Co interfaces with binder phase hinterland. This is most likely 

because their distinct shape cannot be formed in a thin Co intercept. Yet, initiation and 

propagation may progress similarly as for TI-MDs, starting at an atomic void accumulation large 

enough to qualify as a nanodefect with subsequent defect growth less constrained by WC-Co 

interfaces. That growth could be caused by further dislocation accumulation in the binder phase. 

In cyclic loading situations the ratchetting effect has been linked with progressing microstructural 

damage [91], [92]. Given the correlation of increased circular-shaped microdefect numbers with 

progressing load cycles, ratchetting might be a cause of increased TII formation rates. Considering 

the sensitivity of WC-Co hard metals to a critical defect size, circular shaped microdefects can be 

seen as the least harmful shape type [41]. 

The hybrid TIII microdefects found were located at WC grains with only thin Co intercepts 

in-between which opened to Co hinterland. Two formation patterns appear likely. One possibility 

is that the hybrid MDs grow from one of the other shape types into a hybrid due to their location. 

The other is that two separate microdefects, one elongated, one circular, form in proximity and 

join by growth. Because the first model only requires one microdefect to grow, it may be the more 

likely formation pattern. 

In addition, several defects with a maximum diameter greater than 1 µm were found, as 

shown in Figure 21. Considering the possible correlation between surface fatigue and 

microstructural defects as proposed by Sergejev et al. in [157], the formation of such defects 

warrants attention. Due to high local stresses experienced by the WC-Co hard metal substrate 

the critical defect size can be estimated at only an order of a magnitude greater than defects 

already observed [158]. 

Regarding defect location, the following observation was made: At greater depths fewer 

defects were detectable. This clear trend was observable for all investigated positions. This would 

imply a quickly diminishing stress gradient with increasing distance to the substrate-coating 
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interface. The FE simulation model showed stress reduction with increasing distance to the 

substrate-coating interface [16]. However, that alone cannot reasonably explain the considerable 

difference in defect numbers above and below a distance of 2 µm from the substrate-coating 

interface. Consequently, the model here fails to accurately predict the real stress situation. There 

is no perfectly flat surface, as shown in Figure 17 and no ideally uniform microstructure, but both 

were assumed for the simulation. The considerations described in the following may explain this 

divergence of simulation and observation. 

A rough surface features asperities of varying height and width. These have been shown 

using FE models to significantly influence the stress gradient in a contact situation between two 

bodies [159]. They contribute to a stress gradient with the stress maxima in the surface-near 

region. The ratio of asperity height to width was considered as crucial indicator of the stress 

gradient reduction. For high ratios significant plastic shear strains were calculated close the model 

body surface. For small ratios the calculated plastic shear strains were lower, but more 

homogenous. However, for all height to width ratios a significant reduction in the plastic shear 

strain of the model body was calculated. This reduction was dependent on the distance to the 

model body surface [159]. The load situation with the ball-in-cone test setup is similar in also 

featuring normal and tangential loads and the FE simulation confirmed the presence of plastic 

shear strains [16]. The influence of roughness asperities on the plastic shear strain distribution 

can explain the observed damage gradient. Specimen surface documentation using an SEM 

showed no superficial alterations, as seen in Figure 17. However, roughness measurements were 

neither undertaken for the initial state of the specimen nor after their subjection to the BIC test. 

A change of the asperity height to width ratio due to surface wear therefore cannot be ruled out 

as origin of the observed trend towards defects at increased depth seen in Figure 23 (a-c). Added 

roughness measurement in a future application of the BIC test to either verify or falsify this 

possibility is hereby recommended.  

In a series of works Yang et al. studied the effects of grinding on a WC-Co hard metal 

substrate. They confirmed the existence of a micro crack network [160]. They also observed a 

change of the Co phase from FCC to its brittle HCP state [161]. In addition, significant residual 

compressive stresses to a substrate depth of about 12 µm were measured [162], [163]. All of the 

above were observed as most pronounced in the first 2 µm of the substrate. The residual 
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compressive stresses present in the ball-in-cone test specimen are likely to have been partially 

alleviated by prolonged exposure to the testing temperature [160], [163]. These were considered 

mostly beneficial to the substrate, seen as enhancing the damage resistance of the WC-Co hard 

[162]. The micro crack network likely is not affected by the elevated temperature. These pre-

existing defects most likely grow more easily than unformed defects initiate. Such initial damage, 

i.e. defects of any category, were also observed in a specimen’s initial microstructural state. While 

no investigation able to confirm the existence of the HCP-Co phase was employed, such grinding 

induced phase changes concurrent with microstructural refinement were reported in [161]. Since 

an HCP lattice has a reduced number of glide planes compared to an FCC lattice it is usually more 

brittle [25, pp. 265–272]. If an FCC lattice is permeated by small areas of HCP lattices, the 

interfaces between these phases may function as nuclei for ND formation due to local differences 

in strain. These differences arise because the HCP phase cannot deform plastically as much as the 

FCC phase. In cyclic loading conditions the cyclic deformation likely intensifies strain localizations 

in the FCC phase in the vicinity of FCC-HCP phase interfaces. This may be explained with the 

following effect: At maximum compressive load, the FCC phase likely is more deformed than the 

HCP phase. At minimum compressive load, the remaining plastic deformation in the FCC phase 

consequently is greater than in the HCP phase. With successive loading, this difference probably 

increases and so does the probability of ND formation. With sufficient Co hinterland, these NDs 

may also grow into TII-MDs [25, pp. 265–272]. 
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5. Conclusion 

The novel ball-in-cone (BIC) test can be considered a well-understood technique to 

provide an efficient and resource-saving method for the study of damage initiation in metal-

ceramic composites such as WC-Co hard metals. The setup provides constructional degrees of 

freedom in the inclination angle of the sample’s inverted cone, the radius of the indenter and 

component materials. Additional freedom of choice lies in the ambient atmosphere, testing 

temperature and applied load. The test can be executed in static or dynamic mode. 

For the current work, the test was performed for a specimen made of a TiN-TiB2 hard-

coated WC-Co hard metal with 12 wt.% Co binder and a mean grain size of ~2 µm. Testing 

conditions were set at 700 °C in a vacuum atmosphere with a cyclic load of -1,200 minimum 

compressive and -12,000 N maximum compressive load. Concurrent with experimental testing, 

an FE-based simulation was conducted. A state of the art material model was employed to 

simulate the stress situation in specimen-indenter contact. The simulation was in part 

experimentally validated by comparing contact widths measured on the indenter in contact with 

the specimen at maximum compressive load in simulation. The contact width on the test setup 

component was measured unloaded on surface discolorations. Deviations between simulation 

and experimental measurements were attributable to simplifying assumptions used in the FE 

model regarding the cyclic creep behavior of the material. The simulation was used to study the 

stress situation in the substrate of the BIC test specimen.  

The main deficiency of this test is its dependency on accuracy of the SEM operators. While 

accurate placement of the FIB cuts is possible – as has been shown in experiments – this 

nevertheless constitutes the greatest unknown variable. This is because a certain inaccuracy 

cannot be controlled or at least limited other than with strict adherence to a set, unchanging 

procedure. The experiments also showed further room for improvement for the practical 

application as well as for the simulative model. The complexities of induction heating and 

component degradation in particular warrant further consideration. While in theory the 

temperature measurements and calibrations are sufficient, the following practical measures are 

recommended for further use of the BIC test: 
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• Additional use of thermocouples farther from the cylindrical ends of sample and 

indenter to better detect eventual temperature gradients. 

• Thermograph studies to visualize the temperature gradients present on indenter 

and sample surface. 

• Indelible markings on indenter and sample to ensure consistent relative azimuthal 

positioning for repeated assembly and disassembly of the test setup. 

• Roughness measurements from the initial state of indenter and specimen surface 

onwards to quantify superficial alterations caused by the BIC test and thereby gain 

insight on a possible change of the stress situation. 

Regarding the simulation, the main improvement hereby recommended is a model 

simultaneously considering creep and ratchetting. Further precision could be achieved by 

including the effects of surface roughness on the stress situation in the substrate. Also considering 

compressive stresses, Co phase-changes and micro-crack networks induced during grinding 

processes in manufacture would further enhance the model. Even in its initial state, the 

manufacturing history of a specimen precludes a completely undamaged, uniform 

microstructure. With progressing damage, there is further deviation from the assumed ideal 

microstructure; either inclusion of the residual effects from manufacture as reported or modelling 

a more realistic microstructure distinguishing WC and Co phases could yield more accurate results 

and predictions. 

Experimental application of the BIC test also delivered results in good agreement with 

literature reports. A combination of tensile and compressive stresses was found to induce higher 

defect formation rates than mainly compressive stresses. Also, close to the substrate-coating 

interface, damage was more pronounced. This could be linked with the effect of roughness 

asperities and the microstructural changes introduced during manufacture described above. In 

addition, it proved the test setup capable of providing means for studying damage initiation and 

accumulation in multi-axial load situations at elevated temperatures. The test was found to be an 

efficient way of studying the damage evolution of hard-coated specimen in conditions similar in 

temperature and load situation to those seen in metalworking tools used e.g. in milling processes. 
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with FIB-cuts. The azimuthal position was marked on the specimen (yellow triangle) and the FIB-cut placed at (1). 

Large parts of the specimen surface area remain unused. The specimen is tested again and investigated using 

another set of FIB-cuts at (2). The process was repeated up to 4 times (n). Cumulative microstructural damage in 

one specimen was documented. _________________________________________________________________ 30 

Figure 12: Photographic documentation of sample and indenter prior to and after installation. (a) Thermocouples 

are spot welded prior to installation on the indenter (1) and the specimen (2). The marking indicated by the black 

arrow gives the position of the fixation clamps. (b) In full assembly the thermocouples are still visible. The setup is 

installed in the vacuum chamber within the induction coil (3) used for eddy current heating. _________________ 32 

Figure 13: Temperature signals from thermocouples mounted at sample and indenter as a function of actuator 

position. A polynomial fit of the 3rd order shows an ideal position close to -5 mm with a minimum temperature 

difference between sample and indenter below 15 °C. ________________________________________________ 38 

Figure 14: Three positions of the sample in the BIC test setup as a function of the imposed actuator position: (a) -50 

mm, (b) -25 mm, (c) -5 mm. _____________________________________________________________________ 39 

Figure 15: SEM micrographs showing the surface of the indenter. (a) After temperature calibration and 3,360 load 

cycles some superficial damage is visible. (b) After 15,110 load cycles (N) new superficial damage is observable. 

Defects detectable in (a-b) are marked with white arrows. Defects only visible in (b) are marked with black arrows. 

Measured contact widths for -1,200 N (1) and -12,000 N (2) are indicated by the black, dotted double arrows. ___ 40 

Figure 16: Azimuthal and radial positioning of the FIB-cuts by example of specimen Dβ02. (a) Documentation by 

standard photography. Markers for the correct azimuthal positioning of the FIB cuts are visible. The first azimuthal 

position was chosen randomly; the following with respect to the first. (b) A SEM surface micrograph of the same 

specimen after 5,000 load cycles. The distances of the positions from the specimen’s central axis are indicated with 

dotted lines. The visible FIB-cuts are marked with white arrows. ________________________________________ 41 

Figure 17: Macroscopic (a, e) and microscopic (b, c, d) surface documentation of specimens in virgin and tested 

states. The macroscopic documentation was conducted using standard photography. The SEM micrographs are in 

SE contrast mode. Differences in brightness are due to differences in the viewing angles. (a-b) Macroscopic and 

microscopic surface documentation of specimen D04 after 10 load cycles. (c, e) Microscopic and macroscopic 

surface documentation of specimen D02 after 10,000 load cycles. (d) Microscopic surface documentation of 

specimen D04 in virgin state. The scale in (d) is also valid for (b-c). _____________________________________ 42 

Figure 18: SEM micrograph in EBS contrast mode of a FIB-cut on specimen D02 after 5,000 load cycles. From the 

surface downwards the for FIB-cutting necessary Pt-layer (1) is first. Below follow the TiB2 (2) and the TiN (3). Last is 

the substrate (4). The in this contrast brighter tungsten-carbide grains (WC) are clearly distinguishable from the 

darker Cobalt-phases (Co). The distances to the coating-substrate interface (depths) relevant for later analysis are 

highlighted on the left side. _____________________________________________________________________ 43 

Figure 19: Process for detection of defects with poor visibility by example of specimen D03 after 1,700 load cycles. 

(a) The SEM micrograph in SE contrast mode. (b) The SEM micrograph in EBS contrast mode. In both micrographs 
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defects are dark in direct comparison with the surrounding substrate. Visible nanodefects are marked with black 

arrows in both micrographs. ____________________________________________________________________ 44 

Figure 20: Several size and shape categories were distinguished. Representative examples are shown in (a-e). (a-c) 

Micrographs from sample Dβ02 after 3,400 load cycles in P2, in SE contrast. (d- (e) Defects documented in specimen 

Dβ03 after 2500 load cycles in P3, in SE contrast. The categories are as follows: (a) Nanodefects with Ømax < 0.1 µm; 

(b-d) Microdefects with 0.1 µm ≤ Ømax ≤ 1 µm; (e) Defect with 1 µm < Ømax. _______________________________ 45 

Figure 21: Evolution of frequency of different defect types per unit length of 30 µm FIB cut over the number of load 

cycles applied in a BIC test at 700 °C. All results are shown.  The virgin state (i.e. 0 load cycles) is included. (a) The 

results for P1. (b) The results for P2. (c) The results for P3. The microstructure was not documented at this position 

after 10, 85 and 1,700 load cycles, see Table 2. The legend is also valid for (a-b). ___________________________ 46 

Figure 22: The ratio of each MD type to the full MD count of an individual FIB cut is shown. NDs and Ds are not 

shown. All results are shown. MDs with a Ømax three times or more the length of its Ømin were attributed to TI. The 

virgin state is also included. (a) The results for P1. (b) The results for P2. (c) The results for P3. The microstructure at 

this position was not documented after 10, 850 and 1,700 load cycles.  see Table 2. The legend is also valid for (a-b).

 ___________________________________________________________________________________________ 47 

Figure 23: The full count of each defect categorized by size and distance from the interface (i.e. depth) over the load 

cycle number is shown. The following depths are distinguished: 2 µm, 2 µm to 4 µm and below 4 µm. (a) The results 

for P1. (b) The results for P2. (c) The results for P3 with no data for 10, 85, 1,700 load cycles, see Table 2. The legend 

is also valid for (a-b). __________________________________________________________________________ 48 

Figure 24: This matrix shows the SEM-micrographs for the specimen D04. The initial state of the microstructure at 

0 load cycles is attributed to P1; since no load had yet been applied, the microstructure was assumed as identical for 

the other positions. __________________________________________________________________________ XXXV 

Figure 25: Here, the SEM-micrographs for specimen D01 are shown. This specimen was also used for temperature 

calibration and saw elevated temperatures and a constant load of ~500 N for several hours before first testing. 

Direct comparison with other specimen (i.e. D04 and D03) at identical load cycles showed no significant 

microstructural alteration not attributable to the BIC test. _________________________________________ XXXVI 

Figure 26: With specimen D03 the change from higher defect counts at P1 to P2 was observable. Here shown are 

the micrographs for all FIB-cut used in this work. _________________________________________________ XXXVII 

Figure 27: The highest load cycles numbers were applied to specimen D02. The particular trends at higher load 

cycles were all observable in this specimen. ____________________________________________________ XXXVIII 

Figure 28: Measured contiguity values and averages by FIB-cut, specimen and depth are shown. (a) shows all data 

points with three measurements for each FIB-cut. Each measurement was conducted at a specified depth: Either at 

1-3 µm, at 3-5 µm or 5-7 µm. In (b) the average contiguity values for every investigation, every specimen and every 

depth are shown, including their standard deviations. _______________________________________________ XLIII 

Figure 29: Measured values for the mean free path of the binder phase and averages by FIB-cut, specimen and 

depth are shown. (a) All data points with three measurements for each FIB-cut are shown. Each measurement was 
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conducted at a specified depth: Either at 1-3 µm, at 3-5 µm or 5-7 µm. (b) The average mean free path values for 

the Co binder phase for every investigation, every specimen and every depth are shown with the standard deviation 

displayed for the latter two. ____________________________________________________________________ XLIV 

Figure 30: The SEM micrograph used for measuring contiguity and mean free path of Co, shown in the plots as 

investigation 1. ______________________________________________________________________________ XLVI 

Figure 31: An exemplary SEM micrograph as used for all subsequent measurements. ______________________ XLVI 
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Appendix A 

The constructional drawings used to manufacture the components for the BIC test setup 

(i.e. indenter, sample holder and sample) are shown. They were provided by the Ceratizit Austria 

GmbH [143] and used for manufacture.  

First, the indenter, referred to as indenterstamp in the constructional drawing, is 

attached. Second, the sample can be found. A 0.7 mm post-processing reduction on the cone-

sided end necessary for improved compatibility with the Zeiss AURIGA-CrossBeam work station 

is not included. After manufacture, the specimen is coated with a TiN-TiB2 multilayer coating using 

a CVD process. Third, the sample holder is also included. 
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Appendix B 

In the following, the SEM micrographs in SE contrast mode used for defect marking are 

shown, grouped by specimen and ordered in matrices. Progressive load cycle numbers correlate 

with matrix rows; higher load cycle numbers are placed lower. The leftmost column features a 

micrograph showing the inner-fringe position P3. Rightmost is the outer-fringe position P2 and in 

the middle the central position P1. Where there was no FIB-cut (e.g. at P3 for load cycles numbers 

< 850) the space was left grey. NDs are marked with green circles, MDs with red circles with an 

attached line and Ds with light blue double circles. The horizontal lines mark a 2 and 4 µm distance 

to the substrate-coating interface (i.e. depth). Occasionally, visible vertical lines measure 2 µm 

and were used as a visual aid signifying a depth of 2 µm. 

 

Figure 24: This matrix shows the SEM-micrographs for the specimen D04. The initial state of the 

microstructure at 0 load cycles is attributed to P1; since no load had yet been applied, the 

microstructure was assumed as identical for the other positions. 
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Figure 25: Here, the SEM-micrographs for specimen D01 are shown. This specimen was also used 

for temperature calibration and saw elevated temperatures and a constant load of ~500 N for 

several hours before first testing. Direct comparison with other specimen (i.e. D04 and D03) at 

identical load cycles showed no significant microstructural alteration not attributable to the BIC 

test. 
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Figure 26: With specimen D03 the change from higher defect counts at P1 to P2 was observable. 

Here shown are the micrographs for all FIB-cut used in this work. 
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Figure 27: The highest load cycles numbers were applied to specimen D02. The particular trends 

at higher load cycles were all observable in this specimen. 
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Appendix C 

The here presented tables show the results of the defect count with added categorization 

by defect distance from substrate-coating interface (i.e. depth) and MD shape type. Additional 

information is conveyed via formatting. Rows with a light grey background signify a local 

microstructural deviation from the measured norm. Bold letters mark mean free paths of Co that 

are significantly higher than specimen average. Those that are significantly lower are marked in 

cursive (see Appendix E). Where a contiguity value significantly lower than specimen average was 

measured letters are underlined (see Appendix D). 

Load 
cycles 

Specimen 
P1 P2 P3 

NDs MDs Ds NDs MDs Ds NDs MDs Ds 

0 Dβ04-0° 10 7 - 10 7 - 10 7 - 

10 Dβ04-60° 17 4 1 13 12 0 - - - 

10 Dβ01-0° 8 6 0 13 7 0 - - - 

85 Dβ01-60° 21 13 - 21 5 1 - - - 

850 Dβ01-120° 16 16 2 21 12 0 14 7 1 

850 Dβ03-0° 14 8 0 16 6 0 21 3 0 

1700 Dβ03-60° 29 7 0 29 14 0 - - - 

2500 Dβ03-120° 26 11 0 36 15 0 32 9 1 

2500 Dβ02-0° 28 9 0 34 10 1 0 0 0 

3400 Dβ02-60° 31 8 1 49 18 0 0 0 0 

5000 Dβ02-120° 32 12 1 30 10 0 30 9 0 

10000 Dβ02-180° 28 9 0 36 16 0 39 14 0 

  

Table 3: This table shows the total defect counts for each FIB-cut, categorized by size (NDs: Ømax< 

0.1 µm; MDs: 0.1< Ømax <1µm; Ds: Ømax >1 µm), by position and by load cycle count after which 

the FIB-cut was placed. The results for the virgin state (0 load cycle) were used for all positions. 
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Load 
cycles 

Specimen 
P1 P2 P3 

TI TII TIII TI TII TIII TI TII TIII 

0 Dβ04-0° 5 2 - 5 2 - 5 2 - 

10 Dβ04-60° 0 2 2 7 4 1 - - - 

10 Dβ01-0° 1 3 2 6 1 0 - - - 

85 Dβ01-60° 6 6 1 2 2 1 - - - 

850 Dβ01-120° 7 8 1 5 7 0 2 4 1 

850 Dβ03-0° 1 5 0 6 1 1 0 2 1 

1700 Dβ03-60° 3 4 0 8 4 2 - - - 

2500 Dβ03-120° 6 4 1 11 4 0 5 3 1 

2500 Dβ02-0° 5 3 1 5 3 2 - - - 

3400 Dβ02-60° 5 3 0 4 12 2 - - - 

5000 Dβ02-120° 4 7 1 3 6 1 5 4 0 

10000 Dβ02-180° 3 6 0 7 9 0 8 6 0 

 

Load 
cycles 

Specimen 

central position P1 

Depth <2 µm  2 µm < Depth <4 µm Depth > 4 µm 

NDs MDs Ds NDs MDs Ds NDs MDs Ds 

0 Dβ04-0° 8 7 0 2 0 0 0 0 0 

10 Dβ04-60° 17 4 1 0 0 0 0 0 0 

10 Dβ01-0° 5 6 0 2 0 0 1 0 0 

85 Dβ01-60° 20 12 0 1 0 0 0 1 0 

850 Dβ01-120° 14 14 1 1 1 1 1 1 0 

850 Dβ03-0° 14 5 0 2 1 0 0 0 0 

1700 Dβ03-60° 19 3 0 6 2 0 4 2 0 

2500 Dβ03-120° 23 10 0 3 0 0 0 1   

2500 Dβ02-0° 24 7 0 4 2 0 0 0 0 

3400 Dβ02-60° 28 7 1 0 1 0 3 0 0 

5000 Dβ02-120° 26 9 1 4 0 0 3 2 0 

10000 Dβ02-180° 26 7 0 1 1 0 1 1 0 

Table 4: Here the absolute counts for each shape type observed with microdefects (MDs) are 

shown. The formatting conveys information as defined at the beginning of this chapter. 

Table 5: This table shows the absolute count of defects (categorized by Ømax) for the central 

position P1. Additionally, the defects are distinguished by their location (i.e. distance to the 

substrate-coating interface), referred to as depth. 
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Load 
cycles 

Specimen 

outer-fringe position P2 

Depth <2 µm  2 µm < Depth <4 µm Depth > 4 µm 

NDs MDs Ds NDs MDs Ds NDs MDs Ds 

0 Dβ04-0° 8 7 0 2 0 0 0 0 0 

10 Dβ04-60° 13 11 1 - -   -   - 

10 Dβ01-0° 11 6   1     1 1   

85 Dβ01-60° 18 5 1 3           

850 Dβ01-120° 13 7 0 5 5 0 3     

850 Dβ03-0° 13 6 0 1 2 0       

1700 Dβ03-60° 27 12 0 1 0 0 1 2   

2500 Dβ03-120° 29 13 0 6 2 0 1     

2500 Dβ02-0° 30 9 0 2 1 0 2     

3400 Dβ02-60° 45 18 0 4 0 0       

5000 Dβ02-120° 27 5 0 3 3 0 0 2 0 

10000 Dβ02-180° 27 13 0 5 2 0 4 1 0 

 

Load 
cycles 

Specimen 

inner-fringe position P3 

Depth <2 µm  2 µm < Depth <4 µm Depth > 4 µm 

NDs MDs Ds NDs MDs Ds NDs MDs Ds 

0 Dβ04-0° 8 7 0 2 0 0 0 0 0 

10 Dβ04-60° - - - - - - - - - 

10 Dβ01-0° - - - - - - - - - 

85 Dβ01-60° - - - - - -   - - 

850 Dβ01-120° 10 6 1 3 1 0 1     

850 Dβ03-0° 12 2 0 4 0 0 5 1 0 

1700 Dβ03-60° - - - - - - - - - 

2500 Dβ03-120° 26 9 1 3 0 0 3 2   

2500 Dβ02-0° - - - - - - - - - 

3400 Dβ02-60° - - - - - - - - - 

5000 Dβ02-120° 27 7 0 1 0 0 2 2 0 

10000 Dβ02-180° 36 13 0 3 0 0 0 1 0 

 

Table 6: This table shows the absolute count of defects for the outer-fringe position P2 with the 

same categorization methods as used previously in Table 5. 

Table 7: This table shows the absolute count of defects for the inner-fringe position P3 with the 

same categorization methods as used previously in Table 5. 
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Contiguity has already been linked to the mechanical properties and consequently to 

failure and fatigue behavior of WC-Co hard metals [28, pp. 107–110], [75]. In general, the 

contiguity parameter CWC is defined as the result of Equation D.1, where SWC/WC and SWC/Co denote 

the grain boundary area of WC/WC and WC/Co interface areas respectively [28, pp. 107–110], 

[152]. 

𝐶𝑊𝐶 =
2𝑆𝑊𝐶/𝑊𝐶

2𝑆𝑊𝐶/𝑊𝐶+𝑆𝑊𝐶/𝐶𝑜
         (D.1) 

A simple metallographic approach was e.g. proposed by Smith and Guttman in [164], 

states that the numerical fraction of internal boundaries in respect to the total number of 

boundaries in three dimensional structures can be calculated by measuring plane sections. In the 

case of CWC calculation, this can be achieved by substituting the previously mentioned grain 

boundary and interface areas with the number of intersections of a straight line with grain 

boundaries and interfaces in a plane section. This leads to Equation D.2, where NWC/WC and NWC/Co 

denote the line intersections with WC/WC grain boundaries and WC/Co interfaces respectively 

[28, pp. 107–110], [164]. 

𝐶𝑊𝐶 =
2𝑁𝑊𝐶/𝑊𝐶

2𝑁𝑊𝐶/𝑊𝐶+𝑁𝑊𝐶/𝐶𝑜
        (D.2) 

Adhering to the recommendations presented by Roebuck et al. in [152], SEM micrographs 

in EBS contrast mode were used as basis for contiguity measurement; the proceeding was as 

follows: For each FIB cut one investigated position was randomly chosen for contiguity 

measurement. For each of these positions, three lines at 1 to 3 µm, 3 to 5 µm and 5 to 7 µm below 

the coating-substrate interface were drawn parallel to the same; measurements at the initial 

microstructure, i.e. 0 load cycles, were offset by 0.5 µm to shallower depths. The visible 

intersections were counted by one person. The average of the contiguity values for the three lines 

was then calculated as the valid CWC (see Appendix D). The results are shown in Figure 28 (a-b) 
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Considering Figure 28 (a) the measured CWC values exhibit great scatter and are distributed 

across a spectrum ranging from 0.10 to 0.80 (see Appendix F). This however is in good agreement 

with previous measurements of contiguity in WC-Co hard metals by other authors [99], [152]. The 

averaged values (CW̅C) shown in Figure 28 (b) are scattered over a more narrow spectrum from 

0.30 to 0.60; the average contiguity values for the specimen are 0.49 for sample Dβ04, 0.43 for 

sample Dβ01 and Dβ03 and 0.48 for sample Dβ02. These values are also satisfactorily similar to 

those reported in literature for WC-Co hard metals with a binder phase content of about 12 wt.% 

[99], [152]. With the average values for every measured depth – not distinguishing individual 

specimens – this does not change; the values are quite similar in both mean value and standard 

deviation (Std). 

 

Figure 28: Measured contiguity values and averages by FIB-cut, specimen and depth are shown. 

(a) shows all data points with three measurements for each FIB-cut. Each measurement was 

conducted at a specified depth: Either at 1-3 µm, at 3-5 µm or 5-7 µm. In (b) the average contiguity 

values for every investigation, every specimen and every depth are shown, including their standard 

deviations. 

(a) (b) 
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Appendix E 

Early in the current work, the mean free path (lCo) was mentioned as having been linked 

to the fatigue behavior of WC-Co hard metals [6], [98]. Consequently, lCo was measured by 

averaging the lengths of linear intercepts of the binder phase along parallel lines in planer sections 

in SEM micrographs [28, p. 107]. Otherwise, the employed proceeding is identical to the one 

described above for obtaining the CWC values (see Appendix D). The mean free path values were 

calculated as shown in Equation E.1, with the sum of the Co phase intercept lengths (thCo) in µm 

divided by the number of Co intercepts (NCo) [28, p. 107]. The results for the mean free binder 

path values of Co are shown in Figure 29 (a-b). 

𝑙𝐶𝑜 =
∑𝑡ℎ𝐶𝑜

𝑁𝐶𝑜
         (E.1) 
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In Figure 29 (a) all measured lC̅o values are shown; excepting three outliers they range from 

~0.25 to 1.00 µm. The average mean free path values for each investigation displayed in Figure 

29-b show a similar range. For the specimen average values of 0.57 µm for samples Dβ04 and 

Dβ01 as well as 0.54 µm for samples Dβ03 and Dβ02 were calculated (see Appendix F). They are 

Figure 29: Measured values for the mean free path of the binder phase and averages by FIB-cut, 

specimen and depth are shown. (a) All data points with three measurements for each FIB-cut are 

shown. Each measurement was conducted at a specified depth: Either at 1-3 µm, at 3-5 µm or 5-

7 µm. (b) The average mean free path values for the Co binder phase for every investigation, every 

specimen and every depth are shown with the standard deviation displayed for the latter two. 

(a) (b) 
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included in Figure 29 (b) with their respective standard deviations. The measured values, both 

individual and averaged are in good agreement with results reported in literature [9], [99], [151]. 

All obtained values for contiguity and mean free path of the binder phase are included in 

Appendix F. 
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Appendix F 

 

 

 

 

Figure 30: The SEM micrograph used for measuring contiguity and mean free path of Co, shown 

in the plots as investigation 1. 

Figure 31: An exemplary SEM micrograph as used for all subsequent measurements. 

Line 1 (L1) 

Line 2 (L2) 

Line 3 (L3) 
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Nr. Sample NWC/WC NWC/Co thCo NCo 

- - L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 

    - - - - - - cm cm cm - - - 

1 Dβ04-0° 8 5 6 13 16 4 2.5 4.1 4.4 5 8 2 

2 Dβ04-60° 4 6 5 6 6 9 1.4 1.2 2.6 3 4 4 

3 Dβ04-60° 3 2 3 8 13 17 3 6 6.9 4 6 9 

4 Dβ01-0° 3 4 3 9 13 13 6 5.9 5.3 4 7 4 

5 Dβ01-0° 6 4 3 13 10 6 4.8 5.7 2.6 7 5 3 

6 Dβ01-60° 1 3 5 12 4 5 9 1.2 4.2 6 2 3 

7 Dβ01-60° 7 1 6 14 11 10 5.5 3.3 5.6 7 6 7 

8 Dβ01-120° 3 3 1 6 9 14 2.8 7.3 7.6 2 5 7 

9 Dβ01-120° 6 3 2 8 6 10 2.8 4.7 2.3 3 4 5 

10 Dβ01-120° 4 5 5 12 10 8 7.1 2.1 4.7 6 4 4 

11 Dβ03-0° 5 3 2 11 8 10 5.4 6.1 5.1 4 5 6 

12 Dβ03-0° 5 2 5 6 9 8 4.5 3.9 1.5 3 5 4 

13 Dβ03-0° 4 5 6 8 8 10 8.2 3.3 3 5 5 5 

14 Dβ03-60° 5 3 3 8 15 10 3.2 3.9 5.2 4 8 6 

15 Dβ03-60° 5 7 3 8 12 13 4.9 3.7 4.2 4 7 8 

16 Dβ03-120° 4 1 3 17 13 12 7.3 8.3 10.8 9 8 10 

17 Dβ03-120° 4 6 2 12 4 8 5 3.2 9.5 5 2 4 

18 Dβ03-120° 5 2 4 6 18 12 1.5 3.7 6.8 3 9 6 

19 Dβ02-0° 5 7 2 7 11 6 4.1 2.8 7 4 5 3 

20 Dβ02-0° 4 4 6 12 6 11 4 3.7 4.1 6 3 4 

21 Dβ02-60° 5 3 4 11 6 7 6.2 5.2 5.7 6 4 4 

22 Dβ02-60° 4 4 4 9 10 12 4.6 5.5 4.1 5 5 4 

23 Dβ02-120° 6 3 3 8 8 8 4.5 6.1 7.3 4 4 4 

24 Dβ02-120° 3 4 6 10 8 5 3 2.3 5.8 5 4 4 

25 Dβ02-120° 5 3 3 9 8 12 2.7 4.5 5.1 6 6 6 

26 Dβ02-180° 5 5 3 9 8 10 6.9 4.7 2.5 5 4 6 

27 Dβ02-180° 3 5 4 16 6 9 2.9 0.8 4.7 8 2 4 

28 Dβ02-180° 6 7 2 8 8 11 2.2 1.6 2.9 4 3 5 

 

  

Table 8: All measured values used for subsequent calculation of contiguity and mean free path of 

Co values are included in this table. 
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No. Sample CWC C̅WC StdC C̅WC, Specimen StdC, Specimen CW̅C, Depth 

- - L1 L2 L3 - - - - - 

1 Dβ04-0° 0.55 0.38 0.75 0.56 0.15 

0.49 0.16 

0.48 0.45 0.43 

2 Dβ04-60° 0.57 0.67 0.53 0.59 0.06 

3 Dβ04-60° 0.43 0.24 0.26 0.31 0.09 

4 Dβ01-0° 0.40 0.38 0.32 0.37 0.04 

0.43 0.13 

5 Dβ01-0° 0.48 0.44 0.50 0.47 0.02 

6 Dβ01-60° 0.14 0.60 0.67 0.47 0.23 

7 Dβ01-60° 0.50 0.15 0.55 0.40 0.17 

8 Dβ01-120° 0.50 0.40 0.13 0.34 0.16 

9 Dβ01-120° 0.60 0.50 0.29 0.46 0.13 

10 Dβ01-120° 0.40 0.50 0.56 0.49 0.06 

11 Dβ03-0° 0.48 0.43 0.29 0.40 0.08 

0.43 0.14 

12 Dβ03-0° 0.63 0.31 0.56 0.50 0.14 

13 Dβ03-0° 0.50 0.56 0.55 0.53 0.02 

14 Dβ03-60° 0.56 0.29 0.38 0.41 0.11 sC, Depth 

15 Dβ03-60° 0.56 0.54 0.32 0.47 0.11 - 

16 Dβ03-120° 0.32 0.13 0.33 0.26 0.09 

0.11 0.16 0.15 

17 Dβ03-120° 0.40 0.75 0.33 0.49 0.18 

18 Dβ03-120° 0.63 0.18 0.40 0.40 0.18 

19 Dβ02-0° 0.59 0.56 0.40 0.52 0.08 

0.48 0.18 

20 Dβ02-0° 0.40 0.57 0.52 0.50 0.07 

21 Dβ02-60° 0.48 0.50 0.53 0.50 0.02 

22 Dβ02-60° 0.47 0.44 0.40 0.44 0.03 

23 Dβ02-120° 0.60 0.43 0.43 0.49 0.08 

24 Dβ02-120° 0.38 0.50 0.71 0.53 0.14 

25 Dβ02-120° 0.53 0.43 0.33 0.43 0.08 

26 Dβ02-180° 0.53 0.56 0.38 0.49 0.08 

27 Dβ02-180° 0.27 0.63 0.47 0.46 0.14 

28 Dβ02-180° 0.60 0.64 0.27 0.50 0.17 

  

Table 9: All calculated values for contiguity, including averages and standard deviations are 

included here. Particularly low contiguity values, as defined in Chapter 4.4. Discussion, are 

underlined. 
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Nr. Sample lCo lC̅o Stdl ̅ lC̅o, Specimen Stdl,̅ Specimen lC̅o, Specimen 

- - L1 L2 L3 - - - - - 

     µm  µm  µm µm µm µm µm µm 

1 Dβ04-0° 0.45 0.47 2.00 0.97 0.73 

0.57 0.47 

0.53 0.48 0.64 

2 Dβ04-60° 0.26 0.17 0.36 0.26 0.08 

3 Dβ04-60° 0.42 0.56 0.43 0.47 0.06 

4 Dβ01-0° 0.83 0.47 0.74 0.68 0.15 

0.57 0.17 

5 Dβ01-0° 0.38 0.63 0.48 0.50 0.10 

6 Dβ01-60° 0.83 0.33 0.78 0.65 0.22 

7 Dβ01-60° 0.44 0.31 0.44 0.40 0.06 

8 Dβ01-120° 0.78 0.81 0.60 0.73 0.09 

9 Dβ01-120° 0.52 0.65 0.26 0.48 0.16 

10 Dβ01-120° 0.66 0.29 0.65 0.53 0.17 

11 Dβ03-0° 0.75 0.68 0.47 0.63 0.12 

0.54 0.24 

12 Dβ03-0° 0.83 0.43 0.21 0.49 0.26 

13 Dβ03-0° 0.91 0.37 0.33 0.54 0.26 

14 Dβ03-60° 0.44 0.27 0.48 0.40 0.09 sl,̅ Specimen 

15 Dβ03-60° 0.68 0.29 0.29 0.42 0.18 µm 

16 Dβ03-120° 0.45 0.58 0.60 0.54 0.07 

0.21 0.21 0.39 

17 Dβ03-120° 0.56 0.89 1.32 0.92 0.31 

18 Dβ03-120° 0.28 0.23 0.63 0.38 0.18 

19 Dβ02-0° 0.57 0.31 1.30 0.73 0.42 

0.54 0.27 

20 Dβ02-0° 0.37 0.69 0.57 0.54 0.13 

21 Dβ02-60° 0.57 0.72 0.79 0.70 0.09 

22 Dβ02-60° 0.51 0.61 0.57 0.56 0.04 

23 Dβ02-120° 0.63 0.85 1.01 0.83 0.16 

24 Dβ02-120° 0.33 0.32 0.81 0.49 0.23 

25 Dβ02-120° 0.25 0.42 0.47 0.38 0.09 

26 Dβ02-180° 0.77 0.65 0.23 0.55 0.23 

27 Dβ02-180° 0.20 0.22 0.65 0.36 0.21 

28 Dβ02-180° 0.31 0.30 0.32 0.31 0.01 

 

Table 10: All calculated values for the mean free path of Co are listed here, the conversion ratio 

from cm to µm was 2/2.2 for D04-0° and 1/1.8 for the rest. Particularly low mean free path values 

(as defined in Chapter 4.4. Discussion) are cursive, those with particularly high values bold. 


