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Abstract: 

 Improved fracture toughness at a given strength level is one of the most important properties of cemented 

carbides. Large number of different testing methods (both theoretical and experimental) has been 

proposed to determine fracture toughness of cemented carbides and it has been always a topic of interest 

to relate fracture toughness with mechanical properties. In this report method such as Palmqvist 

toughness, chevron notch, toughness determination through Hertzian indentation and different theoretical 

toughness models have been utilized in order to investigate fracture characteristics and is also compared 

with other mechanical properties by varying cobalt content and grain size. This study has provided some 

new and interesting results as well as new information about hardmetals in different loading conditions.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

List of symbols and abbreviations used: 

SEM :Scanning electron Microscopy 

EBSD:Electron back scattered diffraction 

Cemented carbides:Tungsten carbide with cobalt binder phase 
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1. Introduction 

1.1 Background 

Cemented carbides also referred to as hardmetals hold excellent mechanical properties which makes them 

commercially useful in various applications like metal cutting, mining, machining, metal forming etc. 

Keeping fair toughness and to maximize hardness are the prime concerns of hardmetal industry. A typical 

cemented carbide microstructure consists of tungsten carbide (WC) embedded in cobalt (Co), in which Co 

acts as a binder phase. Compared to other ceramic materials cobalt-bonded WC shows higher hardness, 

strength and fracture toughness . Combination of these properties make these hardmetals attractive for use 

in extreme environment. 

        Microstructure has a large effect on mechanical properties of WC-Co, so it is very important to have 

optimum composition and controlled grain growth. It is normally achieved by addition of carbides like 

VC, TaC, Cr3C2 and TiC to hardmetal in order to control grain growth during sintering. Figure 1 below 

shows typical WC-Co microstructure in which gray colored region shows WC grains while darker region 

shows Cobalt [1]. 

 

Figure 1: A typical WC-Co micro-structure  

This chapter describes the objective of this thesis along with brief motivation for the work that had been 

carried out during the course on this thesis. 

1.2 Why Fracture toughness is important? 

Fracture toughness is one of the most important properties for design applications and is related to the 

ability to resist fracture. It is the measure of energy required to cause mechanical failure. It depends on the 

nature of the material and is normally denoted as KIC which is critical stress intensity factor and is also 

referred to as plane strain fracture toughness. It is also important for materials selection, quality control 

and performance assessment. Plane strain fracture toughness can be determined by using the equation (1) 

mentioned  [2]: 

 

                                KIC     =  σF  (α πc)
1/2

                                                           (1) 



                                        

where σ
F 
is the amount of stress required to propagate an interior crack of length 2c, while α is a constant 

which depends on the precise crack shape and has the value close to unity. In equation (1) the plane 

fracture toughness has the units of [Pa (m)
1/2

] 

In the WC-Co system, fracture toughness is very much dependent on Co content and WC grain size. By 

increasing WC grain size and Co content, fracture toughness increases. It also increases with the mean 

free path length, which is thickness of the binder. Typical variation of indentation fracture toughness with 

increase in cobalt content for different WC grain sizes are shown in figure 2 [3]: 

      

       Figure 2: Typical variation of indentation fracture toughness with increase in cobalt content for 

different WC grain sizes. 

1.3 Motivation of thesis 

 

Mechanical properties of cemented carbides are very much dependent on micro-structure i.e. carbide 

grain size and cobalt (binder) content. The primary aim of this thesis is to determine the variation of 

fracture toughness by changing grain size and binder content for different hardmetal grades. In order to 

determine this variation one has to first approach fracture toughness. When it comes in determining 

critical stress intensity factor for hardmetals, there are no specific ISO standard test methods, especially 

for those materials whose toughness is higher than 15MPa (m)
1/2

 . Major difficulty arises in introducing 

stable pre-cracks into hardmetals. Keeping in view this limitation, we tried to approach fracture toughness 

using indentation method (Palmqvist toughness), Chevron notch (true fracture toughness) and Hertzian 

indentation (using spherical indenter) and established a comparison from results obtained from these three 

methods. Sample preparation in both Palmqvist method and Hertzian indentation was quite simple and 

didn’t require any special sample preparation techniques while for chevron notched specimens, chevron 

notches were made on each sample and then testing was carried out. Technical details related to these 

methods will be further discussed in sections later in this report. 



           Other than fracture toughness, transverse rupture strength was also determined and correlated with 

different structural parameters like contiguity and binder mean free path along with hardness and fracture 

toughness. In order to further investigate the relationship between micro-structure and mechanical 

properties, different micro-structural parameters were determined like grain size, cobalt binder mean free 

path and contiguity of carbides. It is important to have a comprehensive view of the fracture toughness 

relationship with these micro-structural parameters and for this purpose an accurate estimation of these 

parameters is important [4]. 

            Characterization of these microstructural parameters is normally done by using linear intercept 

method. This method has certain limitations and also involves inaccuracies which will be discussed later 

in detail [5]. To give hardness and fracture toughness estimation, several theoretical models have been 

proposed which utilize these micro-structural parameters like grain size, binder mean free path, contiguity 

and binder flow stress (based on deformation) and give an approximation of fracture toughness. To 

establish a reliable model for good approximation of fracture toughness still remains a challenge. An 

effort has been carried out to modify existing models in order to have a better correlation with the 

experimental values. 

1.4 Objectives 

Considering the motivation described above, the focus of this thesis is to determine the co-relation of 

mechanical properties (fracture strength) with change in hardmetal composition and grain size. This thesis 

has the following main goals: 

1) To determine Palmqvist fracture toughness. 

2) To determine true fracture toughness using Chevron notch method on Chevron notched specimens. 

3) To determine fracture toughness using Hertzian indentation (spherical indentation) on different surface 

conditions and compare the results obtained from methods mentioned above. Other than that bonded 

interface specimens were also utilized to have an insight on sub-surface deformation behavior of spherical 

indented specimens. 

4) To determine carbide grain size, contiguity and binder mean free path and utilize these micro-structural 

parameters in different hardness and fracture toughness theoretical models and then co-relate with results 

obtained from experimental methods. 

 

 

 

 

 

 

 



2. Materials, microstructural parameters and Experimental methods 

2.1 Grade details 

2.1.1 Cemented carbide (WC-Co) grades: 

Cemented carbides normally contain 3-13 weight percent cobalt and are used for cutting tool applications. 

When cobalt content is increased upto 30 percent, hardmetals are used in applications where wear 

resistance is required. In addition to binder composition another important parameter is carbide particle 

size which lies in the range of sub-micron to ten microns. Major applications of such grades are in 

machining of non-metallic materials, non-ferrous alloys and cast iron. Most of the grades used in this 

master’s thesis are typical WC-Co grades without much alloying additions. 

2.1.2 Alloyed grades 

Average carbide grain size lies in the range of 0,8 -4 µm with the basic compositions of alloyed grades as 

3-12 weight % Cobalt, 2-8 weight % Tantalum carbides, 1-5 weight % Niobium carbide and 2-8 weight 

% Titanium carbide. In this master’s thesis only one alloyed grade is used. Alloyed grades are used in 

steel cutting applications. 

2.1.3 Microstructural Parameters and their determination 

Parameters such as binder content, carbide grain size and contiguity are related to mechanical properties 

of hardmetals. Conventionally, linear intercept method is used to determine WC grain size from scanning 

electron or optical microscope images. This method usually requires drawn-out manual calculations and 

measurements with lengthy interpretation of grain boundaries at different contrast and levels of etching 

[5]. Electron backscattering diffraction (EBSD) is used instead to characterize and determine 

microstructural parameters. Nine different grades were involved in this master’s thesis with varying grain 

size and binder content. They were prepared at Pramet tools, Czech Republic. Grade E  is alloyed with 

Ta, Ti, and Nb. Some grades also contain chromium as alloying addition which has an effect on inhibiting 

grain growth. These commercially produced samples were consolidated via liquid phase sintering at 

temperatures in the range between 1390 °C  and 1470 °C. Scanning electron microscope (SEM) images 

for each grade are shown in figure 3: 
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Figure 3: SEM images of each grade with different grain size and cobalt content 

 

Grades C has the smallest grain size while grade I has the largest. Binder content has also been varied in 

order to also study the effect of varying cobalt content with grain size. Mean grain size calculated from 

EBSD which is discussed later and theoretical binder content are mentioned in table 1 along with 

chromium wt. % of the binder for each grade. 

             

Grade Grain size (µm) Wt. % Co 

 

Chromium content 

(wt. %) 

A 1,05 6 4,3 

B 1,05 10 4,3 

C 0,97 13 4,3 

D 1,19 6,2 5 

E 1,49 12  

F 2,00 8  

G 1,85 10,2  

H 2,49 13 5 

I 3,01 7  

 

Table 1: Grain size and Cobalt wt. % for each specimen grade. 



2.1.4 Density Measurements 

Density depends on the composition and volume fraction of each phase present. In WC-Co hardmetals 

density is not affected by WC grain size. The density of pure WC is 15.65 g/cm
3 
and that of pure Co is 

8.95 g/cm
3
.
  
For the nine grades involved in this master’s thesis, density measurements were carried out 

on SNUN samples (12*12*5 mm). Densities obtained are mentioned in table 2 . By increasing cobalt 

volume fraction density of WC-Co hardmetal decreases. 

2.1.5 Magnetic Properties 

In order to keep an eye on the consistency of the hardmetal products, magnetic measurements are 

important. It includes coercivity and magnetic moment (saturation) measurements and both are non-

destructive tests. Both are related to quality control measurements. Coercivity is related to WC grain size 

while magnetic moment is measured to get an estimation of Co-W-C binder-phase composition. 

Ferromagnetic properties of cobalt help in determining these parameters.       

2.1.5.1 Magnetic Saturation 

WC-Co hardmetals normally contain 2-20 wt. % of binder phase which is cobalt. Tungsten and carbon are 

dissolved in the cobalt rich binder phase. By using magnetic saturation, amount of tungsten dissolved in 

the binder can be determined. For hardmetals there is no standard when it comes to determine magnetic 

saturation. Magnetic moment is expressed as Weber-meter (Wb-m) while magnetic saturation is Wb/m
2 

also known as Tesla. Magnetic saturation was determined using KOERZIMAT MS 1.097 Measuring 

system on standard SNUN samples. Results obtained are shown in table 2: 

2.1.5.2 Magnetic Coercivity  

Magnetic coercivity can be related to the grain size using equation (2) mentioned below [13]: 

                    K= a + b*d
-1                                                                            

(2) 

Where K is coercivity and is expressed in kA/m, a and b are constants while d is WC grain size and is 

expressed in µm. Coercivity values were determined using SNUN samples and for each  grade values 

obtained are mentioned in table 2: 

 

 

 

 

 



Grade Density (g/cm
3
) Magnetic 

saturation(Wb/m
2
) 

Coercivity(kA/m) 

A 14,8 31,33 23,76 

B 14,37 31,19 19,77 

C 14,07 30,06 17,87 

D 14,79 33,21 23,36 

E 14,24 28,29 13,25 

F 14,65 29,7 13,01 

G 14,37 28,85 12,33 

H 14,06 30,69 9,223 

I 14,68 34,99 10,7 

 

            Table 2: Density, Magnetic saturation and Coercivity for each grade. 

 

2.2 Microstructural Parameters 

2.2.1 Carbide phase Contiguity 

Carbide phase contiguity can be defined as the ratio of carbide/carbide interface area to total interface 

area. In WC-Co hardmetals, Contiguity has a great influence on the mechanical properties. As it is ratio 

between carbide to total interface area so it always lies between 0 and 1[6, 7]. Generally, in low carbide 

volume fraction grades contiguity is lower than in high carbide volume fraction grades. From this, it can 

be assumed that the effects of contiguity on the mechanical properties are similar to that of the carbide 

volume fraction. As the contiguity increases, fracture toughness decreases and hardness increases. 

Carbide particle size also affect contiguity i.e. contiguity is decreased by increasing carbide particle size 

[8]. The contiguity of the carbide phase can be determined using a linear-intercept analysis by the 

following equation (3) [9], 

       

                   C=   2Ncc / (2Ncc +Nbc )                                                         (3) 

 

Where Ncc and Nbc are the number of carbide / carbide and binder / carbide boundaries per unit length.  

 



 

2.2.2 Binder Mean free Path 

 

     Carbide particle size and cobalt binder content defines the mechanical properties of hardmetals. Cobalt 

content has a great effect on mechanical properties like hardness and fracture toughness. As Binder mean 

free path increases, fracture toughness increases and vice versa. Contiguity and binder mean free path are 

related to each other with the following equation (4) [10]: 

 

                  λ = d * Vco  / (1- Vco) (1-C)                                                    (4) 

 

Where λ is binder mean free path, d is grain size while λ and d are expressed in  µm, Vco is the volume 

fraction of cobalt phase and C is contiguity of carbide phase. 

 

Contiguity was determined using EBSD and then binder mean free path was determined from equation 

(3) mentioned earlier. 

 

2.3 Experimental Methods 

2.3.1 Microstructural parameters determination using EBSD 

Electron backscattering diffraction (EBSD) is a SEM method that steps the electron beam across the 

sample surface by a defined amount, known as step size. This step size determines the crystallographic 

orientation and phase of the sample at each step from the diffraction pattern produced when the sample is 

tilted at 70° to the horizontal [11, 12]. 

         The information obtained is utilized to produce maps of the sample micro-structure. These maps can 

then be evaluated to determine phases, grains, size and relative location of grain boundaries by using the 

crystallographic information. The analysis is quite fast once mapping has been done. Whole process 

requires highly polished, flat and deformation free surface as indexed patterns from diffracted electrons 

can only escape from the top surface within range of 10-20 nm. 

    

2.3.1.1 Experimental Procedure 

2.3.1.2 Sample Preparation 

 

Samples were of the size 5*5*2 mm, mechanically grinded and polished with 3 and 1 µm diamond paste. 

In order to remove any kind of plastic strains in the sample introduced through mechanical polishing, ion 

polishing was carried out with a JEOL cross-section polisher (SM-09010) using 6KV at a 1° incidence 

angle for 6 hours. 

 



 

2.3.1.3 Step size and Noise reduction 

 

An important parameter to determine contiguity of carbide in WC-Co is the step size. Step size depends 

upon mean grain size and should be optimum, normally chosen relative to the minimum size of interest. 

Too large step size will overestimate tungsten carbide proportion and will conceal thin binder phase 

regions .Based on the grain sizes of hardmetals involved in this master’s thesis as mentioned in table 2.1, 

we chose step size in the range 0, 06-0,15 µm . An obstructing factor in EBSD mapping is map noise, 

which normally arises from poor indexing of diffraction pattern. It can be either because of non-indexed 

part of single tungsten carbide grain (grain edge) or due to wrong indexing of cobalt as tungsten carbide.  

These poor indexed patterns are normally tiny clusters of pixels and are not real grains. Noise arises 

because of problems associated in calibrating EBSD arrangement to index all orientations precisely. It is 

also affected by sample preparation as scratches from polishing and grinding might lead to formation of 

false grains. Depending on the accuracy of EBSD measurement and noise in the map, a cut-off size is 

defined which eliminates the smallest regions formed either because of noise or due to bad indexing 

quality. 

             At WC-WC interface, sometimes zero solutions appear which lead to formation of false smaller 

grains but are actually part of bigger grains. Scratches due to polishing or if the calibration of EBSD 

system is not proper leads to formation of zero solutions. Dilation of existing grains leads to filling of 

zero solutions [5]. 

       

2.3.1.4 EBSD Measurements 

         EBSD mapping was done using Zeiss Supra 40. Cross section polished samples were used as 

mentioned above in section 3.1.2 and the details of different parameters utilized in order to obtain the 

measurements are as follows in the table 3: 

 

Grade Step Size 

(µm) 

Field 

Width 

(µm) 

Field 

Height 

(µm) 

Accelerating 

Voltage 

(kV) 

A 0,06 48 36 20 

B 0,06 48 36 20 

C 0,06 48 36 20 

D 0,08 64 48 20 

E 0,06 48 36 20 

F 0,1 80 60 20 

G 0,1 80 60 20 



H 0,15 120 90 20 

I 0,15 120 90 20 

 

Table 3: Different parameters utilized to carry out EBSD measurements. 

 

Tilt angle was taken as 70 ° and was kept same for all grades. Resolution width and height was 800*600 

pixels while EBSD Camera Binning Mode was 4x4 (160*120 pixels) for each grade. Σ2 grain boundaries 

were excluded [12]. Once the map is produced it was exported to software named as Tango where 

orientation maps were manipulated. Different steps were carried out for noise reduction and to obtain 

grain reasonable mean grain size. The necessary steps were as follows: 

 HCP cobalt was changed to FCC cobalt. 

 Resolutions obtained were extrapolated until resolutions were minimum. 

 Grains were reconstructed using 5 ° angle. 

 Based on step size for each grade, grains smaller than 4 pixels were removed. For e.g. if a grain 

has step size of 0, 15 µm, then grain removal will be based on 0, 15*0, 15*4. 

 Once removed they were set to zero solutions and again extrapolated. 

 

Based on these steps we obtained maps shown in figure below in which red boundaries shows 

WC-Co interface while green boundaries shows WC-WC interface. The maps are shown in  

figure 4: 
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Figure 4: EBSD orientation maps after noise reduction for each grade in which WC-Co interfaces are red 

while WC-WC interfaces are green in color. 

 



After obtaining these orientation maps, MATLAB software was utilized to determine Ncc and Nbc which is 

the number of carbide carbide and binder carbide boundaries per unit length as mentioned earlier in 

equation (3) and hence Contiguity was calculated. Volume percent of binder was also calculated using 

EBSD along with grain size (µm). Once volume fraction was determined, a correction factor was 

introduced in equation (2) which gave corrected Contiguity (C corrected) as mentioned in equation (5): 

 

C corrected=   2Ncc / (2Ncc +Nbc* (Vol. % of binder theoretical/ Vol. % obtained from EBSD) 
0,5

)          (5) 

 

Where Ncc and Nbc are the number of carbide carbide and binder carbide boundaries per unit length. 

Results obtained are mentioned in section later. 

 

2.3.2 Hardness  

Micro-structure plays a very important role in hardness of WC-Co hardmetals. By decreasing cobalt 

content and carbide grain size hardness increases. Yield strength of cobalt increases as carbide grains get 

constrained and it makes hardness dependent on cobalt binder content and mean free path. WC phase is 

brittle and hard compared to Cobalt which is ductile and softer phase so the hardness basically stems from 

carbide phase. Volume fraction of carbide phase and carbide particle size have a profound effect on 

overall hardness of hardmetals. 

                  WC-Co usually has high hardness values and is expressed in HRA (Rockwell) or using 

Vickers hardness (HV). In Vickers hardness method, a diamond pyramid indenter with square base is 

used and the hardness is expressed in kg/mm
2 
. A Hall-Petch type relationship was given by Lee and 

Gurland mentioned in equation (6). This equation relates hardness with WC grain size [14]. 

                                Hwc = a + b d
-1/2 

(kg/mm
2
)                                                          (6) 

For grain size lower than 0, 3 µm equation 2.5 becomes invalid as suggested by Roebuck et al.[13] 

                 For cemented carbides, different theoretical hardness models have been proposed based on 

empirical equations and microstructural parameters like binder mean free path, grain size, contiguity and 

volume fraction of carbide and cobalt binder. Lee and Gurland [14] developed hardness model for WC-

Co involving contiguity and volume fraction of each phase. Equation (7) shows the overall hardness of 

cemented carbide as: 

                              HCC = HWCVWCC + HCo (1 − VWCC)                                                 (7) 

Where Hcc is the hardness of cemented carbide, Hwc is the in situ hardness of WC and Hco is the insitu  

hardness of cobalt. 

        Hwc and Hco can be calculated by the following equations (8) and (9) mentioned below: 



                         HWC = 13.5 + 7.2 / d
1/2                                                                                                          

(8)
 

 

                         HCo = 2.98 + 3.9 / λ
1/2                                                                                                            

(9)
 

 

Where d is the carbide grain size and λ is binder mean free path. Both grain size and binder mean free are 

expressed in µm while hardness obtained is expressed in GPa. Binder mean free path can be calculated 

using equation (4) discussed earlier in the report. 

 

Hardness model for WC-Co as mentioned in equation (7) was derived from equation (10) in which yield 

stress of WC-Co is related to yield strength of WC and Co: 

 

                        σCC = σWCVWCC + σCo(1 − VwcC)                                                    (10) 

 

Where σCC is the yield stress of cemented carbides while σWC and σCo are the yield stress of WC and Co 

phase respectively.Vwc is the volume fraction of WC and C is the contiguity. 

 

   Derived from finite element simulations and keeping into consideration the constraint factors of WC-

Co, WC and Co, a modified hardness model was proposed by Xu and Ågren [10] and was a modification 

of the hardness model proposed by Lee and Gurland mentioned before. It is given in equation (11) below: 

 

                    HCC = 1.205HWCVWCC + 0.9HCo (1 − VWCC)                                         (11) 

 

Engqvist et al. [16] also proposed a hardness model for cemented carbides and is based on the 

deformation resistance of the binder layers and this resistance increases with the cobalt binder 

confinement between WC grains. Hardness of cemented carbides can be calculated using equation (12) 

below: 

 

                   HCC = (HWC − HCo) e
−λ/k

 + HCo                                                                                                       (12) 

 

Where Hwc and Hco can be calculated from equation (8) and (9), λ is binder mean free path (µm) while k is 

the materials parameter and is considered as 0,35 . 

 

 Hall-Petch relation becomes invalid when grain size of carbide particles becomes ultra-fine. Seung I. Cha 

[17] proposed a hardness model based on the assumption that load is transferred to cobalt binder in WC-

Co cemented carbides from carbide grains. It is given in equation (13) below: 

 
 

        Where d is grain size in µm, Ʋ is Poisson’s  ratio of cobalt binder and is 0,3. 

 

 

        Nine SNUN samples, one for each grade was mechanically grinded and polished and ten 

indentations on each polished sample were carried out. Applied load was 30kg and the lengths of two 

diagonals of the indentation on the surface of material were measured using microscope. Mean hardness 

values along with binder mean free path are mentioned later in results along with comparison between 

calculated and experimental hardness obtained from different hardness models. 

 (13) 

 

 



2.3.3 Elastic Modulus 

          
Elastic properties are important in determining stress and strain fields for hardmetals. Several static 

and dynamic methods can be used to determine elastic constants. Tensile tests, bending tests [18] and 

nano-indentation [19] give linear regions of stress-strain curves from which elastic constants are 

determined and are type of static tests. Dynamic methods include resonance and pulse techniques. 

Considering the rigidity and brittle nature of hardmetals, resonant beam technique is widely used to 

determine Young’s modulus and Poisson’s ratio from the resonance frequencies of flexural vibrations 

[20]. 

         ASTM E1876-01 is one of the different standard procedures in order to determine elastic modulus 

and Poisson’s ratio. Specimens of suitable geometry are excited mechanically with an impulse tool and 

resonant frequency is measured by a transducer, which transforms mechanical vibrations into electric 

signals. Impulse locations, supports for specimen and signal pick-up points are selected in order to first 

induce specific modes of transient vibrations and are then measured. Appropriate fundamental resonant 

frequency, mass and dimensions of specimen are used to calculate dynamic Young’s modulus and 

Poisson’s ratio.
 
European and American standard test procedures, ENV-843-2 and ASTM C1259-96, 

propose the equation  (14) to calculate Young’s modulus along the main axis of beam like samples from 

the flexural frequency: 

 

Where f  is the resonant frequency expressed in Hz, W, L and t are width, length and thickness in mm 

respectively, Af is the shape factor [20] and m is mass in grams of specimen.  

 

      Similarly Poisson’s ratio can be related with Young’s modulus and shear modulus determined using 

fundamental torsional frequency in the later case. Equation  (15) relates Poisson’s ratio (Ʋ) with Young’s 

modulus and shear modulus: 

 

    Ʋ= (E/2*G) -1                                                                                             (15) 

 

Where E is Young’s modulus and G is shear modulus. 

 

        The Young’s modulus can also be calculated using method proposed by Hashin and Shtrikman [21]. 

In Hashin and Shtrikman model, the lower bounds of the bulk and shear modulus can be calculated using 

volume fraction of WC and Co and different parameters as mentioned in equations (16) and (17)  below: 

(14) 

 

 



 

 

 

Where Vco and Vwc are the volume fractions of Co and WC, Kco and Kwc are bulk modulus of cobalt 

and WC while Gco and Gwc are shear modulus of cobalt and WC respectively. 

 

Kco,Kwc,Gco and Gwc can be calculated using equations (18), (19), (20) and (21) . 

 

Kco=Eco  /  3 (1-2Ʋco)                                                          (18) 

Kwc=Ewc / 3 (1-2Ʋwc)                                                         (19) 

Gco=Eco  /  2  (1+2Ʋco)                                                        (20) 

Gwc=Ewc / 2(1+2Ʋwc)                                                         (21) 

 

Where Eco =207 GPa , Ewc=700 GPa , Ʋco = 0,3 and Ʋwc= 0,2 [22]. Once Kcc and Gcc are obtained we 

can determine from Hashin and Shtrikman lower bound of  Young’s modulus , Ecc (GPa) by using 

equation (22) below: 

 

 

 

Experimental Young’s modulus and theoretical Young’s modulus obtained from Hashin and Shtrikman 

along with their comparison are mentioned later in results. 

 

 

 

 

 

      (22) 

 

 

(17) 

 

 

(16) 

 

 



 

 

2.3.4 Transverse rupture strength (TRS): 

 

WC-Co has high hardness, and because of this high hardness transverse rupture strength (TRS) is used 

rather than using compression and tensile tests. A typical TRS using four point bend testing is shown in 

figure 5: 

 

 

 

 

Figure 5: Schematics of four point bend testing for TRS measurement. 

 

TRS can be determined for the rectangular specimen using the equation (23) below [23]: 

 

     TRS= 3 PL/4bh
2                                                                                                 

(23) 
 

Where P is applied force to fracture, L is distance between two parallel supports at the base of specimen, 

b is width and h is thickness of specimen. TRS obtained is expressed in [Pa]. It is believed that TRS 

increases with cobalt volume fraction, but still it’s a matter of controversy. Maximum TRS occurs at 

intermediate binder content as commented by Gurland [8]. 

 
            

Exner [24] showed that the WC grain size has an influence on the
 
TRS of WC-Co hardmetals. In 

his work a maximum TRS at a WC grain size of 3 μm
 
was reported as shown in figure 6.

 

 



 

 

Figure 6: Variation of TRS with carbide grain size 

 

Porosity levels in WC-Co effect TRS values [25]. Higher the porosity levels, lower will be the TRS and 

the consistency in the results obtained will be also lower. Based on this porosity level TRS can be related 

with fracture toughness [26]. 

 

        Five specimens for each grade of size 53*3*4 mm
3
 for nine different grades were consolidated via 

liquid phase sintering and were grinded to achieve better surface finish. It is recommended to have 

surface roughness of Ra < 0, 4 µm. Composition for each grade is mentioned in table 1 and four point 

bending was carried out as shown in figure 5. Distance between loading span and support span was kept 

20mm and 40mm respectively in the bending fixture and load was applied. Force to fracture was 

determined for each specimen and TRS was then calculated using equation (23). Once TRS values 

obtained, average value was taken and are mentioned in results along with variation with binder mean 

free path and hardness. Crack behavior of TRS specimens are also evaluated and discussed for different 

grades and mentioned in results.
 

2.3.5 Palmqvist Toughness 

 

In cemented carbides, properties such as wear resistance and strength are very much dependent on crack 

resistance and to determine fracture toughness is very critical when it comes for quality control and 

development of alloys. For hardmetals pre-cracking has always been an issue in order to determine 

fracture toughness. Compared to conventional fracture toughness measurements, indentation testing using 

Vickers has proved as a potential substitute in approximating fracture toughness. This method is quite fast 

and doesn’t require any special sample preparation. Palmqvist toughness decreases with increase in 

hardness [27] as shown in figure 7. 

 



                       
 

                                                                                                      

      Figure 7: Palmqvist toughness variation with HV30  

2.3.5.1 Sample Preparation 

Nine different standard SNUN (12*12*5 mm) samples, one from each grade with composition and grain 

size details as mentioned in table 1 were face grinded and then successively fine polished till 1µm.For 

finer polishing diamond suspensions were used in order to ensure scratch free surface and it also results in 

constant crack lengths formed at the corners of indentation. 

2.3.5.2 Experimental procedure: 

Palmqvist toughness (W (N/mm)) utilizes crack lengths formed at the corners of a Vickers indentation. 

Ten indentations for each grade were carried out on polished specimens while keeping  distance between 

each indentation as 0,75 mm. Indentation load (P (N)) was 30 kgf as recommended by ISO 3878 and 

crack lengths (L (mm)) were measured. Cracks starting at the corners of indentation at 500X 

magnification are shown in figure 8: 

 

 

 



 

 

 Figure 8 :Cracks formed at corners of indentation 

 

Crack length and Indentation load are related to Palmqvist toughness by following equation (24): 

 

W=P/ ∑L                                                                                       (24) 

  

Where P is the load 30kgf while ∑L is sum of four crack length formed at corners of Vickers indentation 

and is expressed in mm. Hardness is determined by measuring the length of the diagonals and can be 

estimated using the following equation (25): 

H = 1.8544 P / ((d
1 
+ d

2
)/2) 

2    
                                                       

(25) 

 

 Where P is load and d1 and d2 expressed in mm are lengths of diagonals. Results obtained are mentioned 

later for each grade. 

Shetty et al. [28] proposed following equation  (26) to determine toughness.            

              K1C = A (H) 
1/2  

(P/ ∑ L)                                                              (26) 

Where H is hardness expressed in N/ mm
2 
, P is load in (N), ∑L is sum of crack lengths (mm), A is 

constant with value of 0, 0028 and K1C is expressed in MNm
-3/2

 

2.3.5.3 Reasons to use Palmqvist 

Palmqvist is good for range of hardmetals with toughness in the range of 10 and 15 MN m
-3/2

.
 
Palmqvist 

tests are widely used because: 
 

•  Any test piece shape with flat surface can be utilized. 

•  It doesn’t require large amounts of material. 

•  Difficulties such as pre-cracking are avoided. 



2.3.5.4 Sensitivity of Palmqvist method 

Palmqvist method is sensitive to the test piece preparation procedure and different surface conditions 

along with residual stresses affect results. Normally, annealing treatment of 800°C for 1h may be needed 

and if the carbide grains are very fine, annealing at higher temperatures is preferred for removal of 

residual stresses. Toughness obtained is strongly affected by grain size of WC and cobalt binder content. 

For fine and medium grained, standard deviation is of the order of  2 % while for coarse grained alloys it 

reaches of  8 %. Also for very fine grained hardmetals true lengths are also difficult to measure and those 

hardmetals whose toughness is very high do not develop cracks even when the load is increased from 60 

kgf to 100 kgf. Increasing load from 30 kgf also poses a risk to indenter and might cause damage or 

breakage to indenter. It will also increase the cost. 

2.3.5.5 Crack models for Palmqvist Indentation 

Depending on indenter shape, three distinct indentation modes take place in brittle materials. Ring cracks 

and hertzian cone cracks are formed when indenter is circular while lateral vents or median vents are 

formed when the indenter is sharp. For the case of cemented carbides, median vents are formed in the 

underlying material and median cents are divided into two types i.e. median cracks and Palmqvist cracks. 

Palmqvist cracks are more applicable to cemented carbides. Schematic of Palmqvist  and median cracks 

are shown in figure 9 [3]:  

 

 

 

 

 
 

      Figure 9: Palmqvist and median cracks geometry. 

Based on the crack geometry, Niihara [29] and Shetty et al. [28] proposed palmqvist crack models for 

fracture toughness determination.Niihara proposed equation (27) similar to the one given by Warren 

& Matzke [30], in whick K1C is proportional to (HW)
1/2 

, where W is Palmqvist toughness and H is 

hardness as mentioned earlier. Niihara’s model is valid for crack lengths in the range 0,25 ≤ (l/a) ≤ 

2,5 and is given in the following equation: 



       K1C =0,0246 (E/ H)
2/5

(HW)
1/2            

                                                 (27) 
   

Where E is Young’s modulus of cemented carbide. 

 

Shetty et al. proposed the model as given in equation (28), assuming hardness volume impression 

being accommodated in the plastic zone and is as follows: 

 

KlC =0,0889(HW)
l/2                              

                                                    (28) 
 

R. Spiegler et al. [3] tested a range of cemented carbides using single-edge notched beam specimen 

and Indentation fracture toughness (by Shetty’s et al.) [28] and came to conclusion that Shetty’s 

model is very  much in accordance with true fracture toughness for a range of different grain sizes of 

WC as shown in figure 10. Niihara gave too high values for fracture toughness and did not go in 

compliance with true fracture toughness values. It is shown in the figure: 
 

 

 

Figure 10: Results obtained from single-edge notch beam comparison with Indentation fracture toughness 

(using Shetty’s) for varying carbide grain size. 
 

Shetty’s approach hence seems most reliable and gives good approximation of fracture toughness for 

WC-Co hardmetals.Keeping this into consideration ten indendations were made on each polished sample 

as mentioned earlier and mean value was taken shown in results. For HV30 and hardness values in 

(kgf/mm
2
), fracture toughness can be calculated as given in equation  (29)  : 

 
   
K1C = 0,15 ( HV30/ ∑L )

1/2                                                                  
              (29) 

 

2.3.6 Chevron Notch Test 
        

Fracture toughness is one of the major hardmetal characteristics when it comes to design WC-Co 

hardmetals . In order to study the fracture mechanics of hardmetals,it is necessary to induce sharp pre-

cracks into specimens.There are several methods for fracture toughness determination with different 

loading rate or geometry of specimen. Difference in notch preparation method and goemetry also makes 



difference for testing methods.Based on these parameters there are several testing methods that are 

employed without any specific internationalstandard for hardmetals.
  

 ASTM B771-11 is one of the standard which been developed by ASTM and is test method for short rod 

fracture toughness of cemented carbides. Table 4 lists some brief details about different methods for 

fracture toughness [31]. 

SEPB (Single Edge 

Pre-cracked Beam ) 

Consists of formation of sharp crack on tensile surface of a beam. Hardmetals are 

difficult to pre-crack. Wedge indentation and fatigue (including in compression 

from a notch) have proved successful in some cases. 

SENB (Single Edge 

Notched Beam) 

It consists of formation of notch on a beam and the results of test method are very 

much dependent on notch width and notch preparation method. Not generally 

recommended for hardmetals. 

SEVNB (Single Edge 

V-notched Beam) 

This process is suitable for ceramics but requires quite an effort when it comes for 

notch sharpness in case of hardmetals. 

SCF (Surface crack in 

flexure) 

A small semicircular flaw is introduced on a beam by indentation and damage 

caused by indentation is removed. But in the case of hardmetals it is not completely 

possible to remove damage and only leave a pre-crack which can be utilized in 

determining fracture toughness. That is one of the reason that SCF is not 

recommended.  

IF (Indentation 

Fracture) 

Palmqvist toughness test, which utilizes crack lengths at indentation corners of 

Vickers indenter.Palmqvist method works reasonably well for hardmetals in 

toughness range 10-15 MNm
-3/2 

but it is important to ensure that surface is free 

from residual stresses. 

IS (Indentation 

Strength) 

Rectangular beam with indentation is subsequently fractured. Damage and residual 

stresses associated with indentation have strong influence on result. Not 

recommended for hardmetals.  

 

Table 4: Brief outline of different fracture toughness methods 

Rectangular bars of dimensions 53*3*4 mm
3
 , nine for each grade were prepared with the compostion and 

grain size details mentioned in table 2.1.  Long edges of such prepared bars were chamfered by 

approximately   0.1-0.2mm x 45°. This was done to eliminate sample failure of edge  ( possible place of 

grinding cracks ) and to align sample well during bending measurement. Chevron notch on each sample 

were prepared using electrical discharge erosion technique (cutting wire under electrical current). 

Thickness of wire for electrical discharge erosion technique was 0,15mm. Geometry of chevron notch 

was 90°with  dimensions 3 x 4 x mm
2
 cross-section positioned 1-1, 2 mm below tensile surface. 

 

       Chevron notches once prepared, three point bending test was carried out with the schematic as shown 

in figure 11 [32]: 

 



                               
                                  

                                 (a)                                                       (b) 

 

 Figure 11: Three-point bend testing on chevron-notched rectangular bar (a) and fracture plane of chevron 

notch (b) 

 

In our case S= 16 mm, B = 3mm and W=4mm.For chevron-notched three point test specimen, stress 

intensity factor can be expressed as shown in equation (30) [33, 34]: 

 

        K1C = Fmax Y*min / B (W)
1/2                                                                               

(30) 
 

Where K1C is expressed in MPam
1/2 

, Fmax is the maximum load and Y*min is stress intensity coefficient and 

it varies with a/W [35] where a is initial crack length.Results obtained are showed later in this report.
 

2.3.7 Hertzian Indentation 

Hertzian indentation involves circular indenter which induces two distinct modes of damage, Hertzian 

cone cracks, when the material is brittle and for relatively tougher materials with heterogeneous 

microstructures, quasi-plastic zone is formed with prominent sub-surface damage zones. Sudden loss in 

strength is observed when cone cracks are formed while quasi-plastic behavior has more tolerance to 

damage. Figure 12 below shows two distinct modes of deformation beyond elastic limit i.e. cone cracks 

(brittle materials) or sub-surface deformation (also referred to as quasi-plasticity) in tougher materials 

[36]. 

 



  Figure 12: Spherical indentation on flat surface with two different deformation modes 

Formation of these cone cracks causes sudden loss in strength while for tougher materials, loss in strength 

is gradual. It is believed that there are two major deformation mechanisms for WC-Co during the fracture 

process [37]. Some scientists believe that deformation occurs only because of the presence of binder [38, 

39] while another school of thought relates plastic deformation in WC-Co to the presence of continuous 

carbide skeleton [40]. Another deformation mode known as quasi-plasticity, which consists of shear-

driven micro-cracks formed due to Hertzian indentation and can be damaging in applications where wear 

and fatigue are prominent [41]. 

2.3.7.1 Hertzian Indentation and Fracture toughness 

Indentation techniques are simple and do not require any special materials preparation when it comes for 

the determination of fracture toughness and difficulties such as pre-cracking are also avoided compared to 

conventional testing. Hertzian indentation when compared with Palmqvist method (Vickers) has the 

advantage that it causes complete elastic deformation until fracture and because of this complexities 

associated with residual stresses as in Vickers are avoided. Plasticity properties of substrate varies 

smoothly and continuously to the contact area. These stress states can be found very exact [42]. Also in 

Vickers the geometry of cracks formed under indentation is still debatable and raises issues on the 

reliability of Palmqvist method. 

          In the past many attempts have been made to determine fracture toughness of brittle materials using 

hertzian indentation in which a spherical indenter in utilized and indentations are carried out on flat 

surfaced specimen [43, 44]. Figure 13 below shows spherical indentation on a flat surface with load P and 

contact area between sphere and flat surface is ‘a’ while EI, ƲI, E, Ʋ are elastic modulus and Poisson’s 

ratio of indenter and sample and R is the  radius of indenter[45]. 

 

   Figure 13: Hertzian indentation schematic on flat surface. 

Contact area formed between spherical indenter and flat surface can be determined by using the following 

equations (31) and (32) [46]: 

a= (3RP / 4E*) 
1/3                                                                                                                    

(31) 

Where E* = 1-ƲI
2

 /EI+1-Ʋ2
 /E                                                       (32) 



   Circular Ring cracks are formed on the surface after Hertzian indentation and in order to determine 

fracture toughness it is important to determine the critical load at which these ring cracks are formed and 

are related to stress intensity factor. These ring cracks can be determined either by using microscope or by 

acoustic methods. Warren [47] proposed the equation (33) for the calculation of fracture toughness, 

related to critical load: 

   K1C =  (E* PFmin / PFN
min 

 R ) 
½                                                                                  

(33) 

Where PFmin is the critical load determined after indentation while PFN 
min 

is the normalized fracture load 

necessary to propagate cracks of size c/a and is dependent on Poisson’s ratio of the substrate. Toughness 

determination through Hertzian indentation is comprehensive and can be applied to substrate and sphere 

made of any material with any value of Poisson’s ratio and as shown in table 5 proposed by Warren [47] 

 

   Table 5: (c/a) values with corresponding Poisson’s ratio and PFN 
min

 

2.3.7.2 Experimental Procedure: 

               In order to determine fracture toughness and effect of residual stresses on fracture toughness two 

different surface conditions were taken into consideration i.e. with final polishing 6 micron (diamond 

polished) and other with SiC 600 grit size. SNUN sample, one for each of four  grades (A, C, H and I )  

with compositional details as mentioned in table 1  were prepared. After grinding and polishing residual 

stress measurements was carried out using X-Ray diffraction [48]. This analysis was carried out for WC 

phase in both parallel and transversal direction. Results obtained for 6 micron diamond polished samples 

are shown in table 6: 

 

 

 

 



Grade Residual stresses (parallel 

direction) (Mpa) 

Residual stresses(Transverse 

direction) (Mpa) 

A -305 ± 37 -253 ± 23 

C -325 ± 38 -395± 36 

H -435± 32 -399±28 

I -311±38 -332±24 

 

Table 6: Residual stress measurements for 6 micron diamond polished specimens. 

Similar measurements were carried out on 600 SiC grinded specimens in order to determine the effect of 

grinding and polishing on residual stresses. Results obtained are as follows in table 7: 

 

Grade Residual stresses (parallel 

direction) (Mpa) 

Residual stresses(Transverse 

direction) (Mpa) 

A -3384 ± 104 -2966 ± 64 

C -2577 ± 87 -2569± 103 

H -1985± 49 -1984±76 

I -2014±44 -2132±79 

 

Table 7: Residual stress measurements for SiC grinded specimens. 

As we can see from Table 6 and 7, residual stresses are very high for SiC grinded specimens  compared to 

6 micron (diamond polished) samples. Residual stresses were highest for grade A and lowest in grade H. 

One residual stress measurements samples were indented using spherical indenter (WC) and minimum 

critical load was determined. It was carried out for three different indenter radii i.e. with 1, 25 mm, 

2,5mm and 5 mm. After indentation specimens were inspected under optical microscope to determine if 

there are any cracks formed. Fracture toughness was then calculated using equation (33) after determining 

critical load for two different surface conditions and different indenter radius. It is mentioned later in 

results. 

2.3.8 Split and Bond Method 

                 It is important to understand the deformation behavior caused by the spherical indentation on 

surface as well as beneath the surface. For this purpose split and bonded technique was utilized. 

Schematic of split and bonded specimen is shown in figure 14 [49]: 



 

Figure 14: Hertzian indentation schematic for split and bonded specimen (a) and cross-sectioned interface 

of one of the two bonded surface in which point A shows maximum resolved shear stress (b). 

For this purpose standard SNUN samples were cut into half and cross-sectioned sides were grinded and 

diamond polished. A mechanical fixture was designed in order to keep polished cross-sectioned samples 

as close as possible without use of any adhesive. Polished cross-sectioned samples are placed in the 

mechanical fixture and the top surface is then polished. Once sample surface prepared indentations at 

critical load (for bulk specimen) were carried on each grade. Figure 15 shows mechanical fixture and the 

sample configuration in the fixture: 

                 

            (a)                                                                                                                   (b) 

 Figure 15: Mechanical fixture without specimen (a) and fixture with polished top surface specimen (b) 

For each grade indentations were carried out at critical loads mentioned later in results with 2,5mm 

indenter radius. After indentation samples were removed and deformation behavior was determined using 

SEM, discussed later in detail in this report. 

 

 

 



3 Experimental Results and Discussion 

3.1 Microstructural parameters obtained from EBSD and Mechanical properties 

 

   Utilizing EBSD and following the method as mentioned earlier, following results are obtained for each 

grade as shown in table 8: 

 

 

Table 8: Composition and mechanical properties of each grade 

 

 

Grade H has relatively large grain size and also contains highest binder content amongst all grades. Once 

contiguity obtained as mentioned in equation (5), binder mean free path was obtained using carbide grain 

size and cobalt binder content. Microstructural parameters have great influence on overall properties of 

cemented carbides as discussed later in this section. 

  3.2 Hardness and binder mean free path  

 

Gurland and Bardzil [15] proposed that by increasing binder mean free path hardness decreases and this 

effect is quite prominent in ultrafine materials than the coarser ones. Variation of binder mean free path 

and hardness for grades involved in this master’s thesis is shown in figure 16 and we can see that  

hardness decreases with increase in binder mean free path.     



 

Figure 16: Hardness variation with increase in binder mean free path. 

 Utilizing microstructural parameters in different hardness models as mentioned earlier in section 2.3.2, a 

comparison was obtained as shown in figure 17. As we can see model proposed by Lee & Gurland has 

very good correlation with experimental hardness (HV30). Model proposed by Engqvist gives 

underestimated values  while slightly over-estimated values are obtained from Xu & Ågren modified 

hardness model as shown:
 

 

Fig. 17: Comparison between calculated hardness and experimental (HV30)  
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3.3 Calculated Young’s modulus 

 

 Poisson’s ratio and Young’s modulus are shown in table 8 obtained using resonant beam technique as 

mentioned earlier. Comparison of Young’s Modulus obtained from lower bound Hashin and Shtrikman  

to experimental is shown in figure 18: 

 

 

 

Figure 18: Experimental versus calculated Young’s modulus 

Hashin and Shtrikman is an alternative to calculate theoretical Young’s modulus and is in fair agreement 

with experimental Young’s modulus as shown in figure above. 

3.4 Transverse rupture strength obtained using four-point bending    

     

  Transverse rupture strength (TRS) values obtained are shown in table  9 : 

 

 
 

Table 9: Average TRS values for each grade. 



 

Figure 19 (a) shows variation of TRS with hardness. As shown in figure TRS value reaches a maximum 

value at a particular hardness and then starts to decrease. There is no certain trend that can be deducted for 

hardness and TRS but if we compare with figure 19 (b) we will come to know that the relation is more 

qualitative than definitive and hardness has more effect on TRS then binder mean free path which was  

also discussed by Zak Fang provided hardness is kept constant for different micro-structures [26]. In 

figure 19 (a) TRS values of relatively coarser grades lies in the lower hardness range compared to fine 

grain size grains. 

 

 

            
 

                 (a)                                                                                                       (b) 

 

Figure 19:Variation of TRS with hardness and binder mean free path. 

            

TRS increases with increase in cobalt volume fraction provided grain size is kept constant [50] but when 

it is compared with binder mean free path it is difficult to draw a specific conclusion on the variation of 

TRS with binder mean free path and is still controversial.Further work is needed to produce consistent 

analysis and conclusions. 

 

TRS samples are grinded in order to have surface roughness of Ra < 0, 4 µm. Rectangular bar edges are 

also chamfered so that fracture along edges can be avoided when sample is loaded in the fixture. When 

grinding is done lot of stresses might induce into the hardmetals and can act as stress concentration points 

which can lead to failure from these points. SEM analysis was carried out on different grades in order to 

determine crack origin and propagation in TRS specimens after fracture. It is shown in figure 20: 
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Figure 20: Origin of damage in TRS specimen for grade D (a) and (b) and grade H (c)  

As shown in above figures the damage is originated from surface and it is because of grinding or 

machining. The overall appearance of fracture origin in hardmetals in this case is very similar to high 

strength ceramics. 

3.5 Palmqvist indentation values, crack geometry and limitations 

Indentation fracture toughness obtained using equations (28) and (29) are shown in table 10: 

 

 

 

 

(a) (b) 

(c) 



Grade K1C  (Eq. 28) K1C  (Eq. 29) 

A 9,547 9,390 

B 11,149 10,965 

C 12,466 12,261 

D 9,338 9,184 

E 13,780 13,553 

F 12,022 11,825 

G 13,977 13,747 

H 21,161 20,813 

I 12,222 12,020 

 

Table 10: Indentation fracture toughness for each grade 

In order to determine the crack geometry beneath the indentation, one of the grade A was inspected for 

Palmqvist cracks and as we can see in figure 21, it shows formation of Palmqvist cracks beneath 

indentation 

 

 

 

Figure 21: Palmqvist cracks beneath indentation for grade A 

 

 As mentioned earlier in section 22, Palmqvist method approximates quite good for range of 10 and 15 

MN m
-3/2  

but for those materials whose toughness is higher (having coarse grain size and higher binder 

content) poses a limitation for Palmqvist toughness. Figure 22 shows two different surfaces for grades C 

and H respectively. 



 

       

 

                     (a) C                                                                                      (b) H 

 

Figure 22: Indentations along with cracks formed on the surface for grades C (a) and H (b) 

 

As we can see in figure 22 (a) it forms prominent cracks at the corners of indentation while for grade H in 

figure 22 (b), cracks formed are not very prominent and because of this K1C is overestimated as 

mentioned in table 10. So fracture toughness estimation through other methods (for e.g chevron notch) is 

necessary in order to have better approximation. 

3.6 Results from Chevron-Notched Specimen 

 

Results obtained from three point bending for chevron-notched specimen are shown in table 11: 

 

 

 

Grade Fmax (mean) Y*min(mean) K1C(mean) 

A 184,107 10,016 9,444 

B 206,660 9,875 10,450 

C 229,643 9,468 11,154 

D 184,424 9,967 9,426 

E 244,501 9,780 12,233 

F 244,311 9,757 12,213 

G 254,006 9,816 12,791 

H 349,208 8,379 14,863 

 

 

Table 11: Fracture toughness values obtained from Chevron-Notch specimen. 

 

Grade H is the toughest among all grades while grade A and grade B are the brittle ones. Wu [51] 

recommended S/W > 2.9 and for chevron notched specimen; the sample thickness should be large enough 

to ensure plain strain state. Sample thickness (B) and Poisson’s ratio have little effect on the accuracy of 



final toughness while sample height (W) is the most important followed by crack length a, sample span S 

and chevron notch angle [32]. Figure 23 shows fractured chevron-notch surface of grade A: 

 

 

 
 

Figure 23: Fractured chevron-notch surface for grade A 

 

K1C decreases with increase in hardness and increases with increase in binder mean free path. This trend 

for the grades tested is shown in figure 24: 

 

 

             
 

                     (a)                                                                                           (b) 

 

Figure 24: Fracture toughness variation with hardness (a) and binder mean free path (b) 

 

Fracture toughness values through chevron-notched specimen gives reliable results apart from the 

difficulties in making specimen notched for hardmetals.  
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3.7 Results obtained from Hertzian Indentation 

Fracture toughness values obtained from spherical indentation for different surface conditions and 

indenter radii are shown in table 12: 

 

 

Table 12: Fracture toughness of hardmetals calculated through Hertzian indentation. 

 Surface ring cracks formed at the surface of specimen at critical load for 2.5 mm radius for two different 

surface conditions are shown in figure 25: 

   

                (a)                                                                                                         (b) 

Figure 25: Surface ring cracks for grade C with 2.5 mm indenter radius for 6 micron (a) and SiC 600 (b) 

For samples grinded with SiC 600, fracture toughness values are high and these high values can be related 

to residual stresses induced in the specimens. Toughness values are higher as compared to conventional 

methods obtained from Hertzian indentation. It is believed that this over-estimation is related with crack 



position (r/a), as flaw density is not infinite and not all cracks are related at the particular (r/a) for which 

stress intensity factor is minimum. This method does not require any measurements of radius of ring 

cracks and there is no need to determine initial crack size. The results obtained are very much dependent 

on Poisson’s ratio and it is important to have elastically similar materials for indenter and substrate 

otherwise effects of elastic mismatch and friction need to be taken into consideration. Stress intensity 

factors for accurate estimation of toughness are also an issue as stress gradients in this method are very 

steep [47]. 

3.8 Brittlenes Index 

Rhee et al. [52] gave the idea of brittleness index (Py/Pc) which is the ratio of load for quasi-plastic 

deformation (Py) to the radial cracks or ring crack (Pc) at larger load. For more brittle materials Py is 

relatively large and Pc is low which in turn will give larger brittleness index compared to less brittle 

materials. Frank and Lawn [53] derived equation (34) for calculation of critical load of cone crack (Pc) as: 

       Pc =A (K1C
2 
/E) R                                                                         (34) 

Where k can be calculated from equation (3.12): 

       k = 9/16 ((1-Ʋ2
)+ (1-ƲI

2
) E / EI)                                                    (35) 

and A can be calculated from equation (3.13): 

       A = 4π
2
k/3I*

2                                                                                                                          
(36) 

Where I* is a dimensionless integral related to stress intensity factor, K1C  is the fracture toughness ,R is 

the radius of indenter , Ʋ and ƲI are Poisson’s ratios, and E and EI are Young’s moduli of the specimen 

and indenter, respectively. 

 

Similarly Py can be calculated by using the following equations (37) and (38) [54]: 

 

Py = D (H
3 
/ E

2
) R

2                                                                                                                     
(37)

 

 

D = (1.1 π/c)
3
 (3(1-Ʋ2

) / 4)
2                                                                                             

(38)
 

 

Where c=3 is constraint factor from relation between hardness and yield stress (H=cY), Ʋ is Poisson’s 

ratio , H is hardness, E is Young’s modulus and R is radius of indenter. 

 

Brittleness index using the above equations for 6 micron surface condition and 2.5mm and 1,25mm 

indenter radius is shown in table 13 where A =7100 [52]: 

  



 

Table 13: Brittleness index values for 6 micron surface condition using 2,5mm and 1,25 mm indenter 

radii. 

As we can see from table 13 brittleness index also depends on the indenter radius and is also related with 

the hardness of material. For large indenter radius, brittleness index will be large as we can see in the 

results obtained and material will show more brittle behavior. When the brittleness index is low quasi-

plasticity will be more prominent while when brittleness index is higher, it will form ring cracks. This 

whole idea of materials behavior in response to different loading conditions has important aspects related 

to practical applications of hardmetals [49]. 

3.9 Deformation Behavior 

3.9.1 Top and Cross-section sides  

a) Grade C: 

             Top and cross-section of grade C at critical load (4187 N), are shown in figure below after 

indentation. On the top surface figure 26 (a) we can see ring cracks while in figure 26 (b) we can see the 

cross-section of the indented specimen. Nature of these cracks, crack propagation and deformation 

behavior is discussed later in the same section: 

Grade A E(MPa) H(kg/mm^2) R(mm) K1C D Pc Py Py/Pc

C 7100 599000 1482,7 2,5 15,866 0,778 7,459 0,045 0,0059

A 7100 678000 1782,54 2,5 15,646 0,778 6,409 0,061 0,0094

H 7100 579000 1265,4 2,5 17,245 0,778 9,117 0,030 0,0032

I 7100 600000 1395,1 2,5 14,745 0,778 6,432 0,037 0,0057

C 7100 599000 1482,7 1,25 14,525 0,778 3,126 0,011 0,0035

A 7100 678000 1782,54 1,25 11,733 0,778 1,802 0,015 0,0083

H 7100 579000 1265,4 1,25 15,19 0,778 3,537 0,007 0,0021

I 7100 600000 1395,1 1,25 12,12 0,778 2,173 0,009 0,0042



                      

     

Figure 26: Top side of sample (a) and cross-section (b) after indentation. 

b) Grade A: 

Top side and cross-section for grade A is shown in figure at critical load (3816 N) with 2,5mm indenter 

radius: 

 

(a) 

(b) 



    

      

 

Figure 27: Top side (a) and cross-section (b) and (c) with cracks formed as shown in (d) 

 

 

(a) 

(c) 

(b) 

(d) 



On the top side we have the formation of ring cracks while in cross-section we have cracks formation 

along with deformation in the carbide grains. This is discussed in detail later. 

 

c) Grade H: 

On top side we can see ring cracks while at cross-section we can see deformation caused because of 

indentation at critical load (5037 N) with 2,5mm indenter radius. This grade has coarser grain size and 

larger binder content. In the cross-section it had lot of deformation in grains. This deformation behavior is 

discussed later. 

 

 

Figure 28: Top side (a) and cross-section of indented specimen. 

 

(a) 

(b) 



d)Grade I: 

   Having coarser grain size, this grade had lot of deformation in carbide grains and also some cracking at 

the cross-section. These details are discussed later. 

    

 

 

 

       

 

 

 

 

 

Figure 29: Top side showing ring cracks at low (a) and higher magnification (b) while cross-section side 

is shown in (c). 

3.9.2 Detailed analysis regarding deformation characteristics for WC-Co 

      Split and bond technique is quite useful in determining the nature of cracks and deformation 

characteristics during indentation, both on top side and cross-section. One can get lot of information about 

deformation beneath the specimen surface. From the theory of Hertzian indentation [49] resolved shear 

stress is maximum at a depth of one half of the contact radius beneath the surface. It was noted that when 

applied load exceeded certain threshold value ring-cracks were formed on the surface while at the cross-

section quasi-plasticity along with cracking was quite obvious. It is believed that in WC-Co four major 

fracture paths can be observed which are [55]: 

 Transgranular fracture through the carbide crystals. 

(a) 

(b) 

(c) 



 Transgranular through the cobalt (binder phase) 

 Along carbide/carbide grain boundaries 

 Along carbide/binder boundaries. 

Other than these mechanisms, another kind of deformation known as quasi-plasticity has been reported on 

those materials loaded with Hertzian indentation. Quasi-plasticity is regarded as indentation plastic strain. 

At larger loads different type of crack paths are observed as mentioned earlier and also great number of 

slip bands is also observed in WC grains and was very obvious in grade I and grade H (coarse grain size). 

Cobalt binder also plays a very critical role in whole deformation mechanism. Plastic deformation of 

cobalt can be related with slip of cobalt or martensitic transformation from FCC to HCP [56]. Studies 

have shown that strain hardening is also prominent, though different form metals as proposed by Doi et 

al. [57] and as quasi-plasticity causes formation of micro-cracks it is related with strain hardening 

behavior. 

 

3.9.3 Quantitative Evaluation 

When it comes for the quantitative evaluation of damage intensity, a parameter Nl
3  

is defined in which N 

is the number density and l is the size of the fault[58]. This parameter is related with the strain hardening 

coefficient α by the following equation (39): 

    α= 1/ (1+2Nl
3
)                                                               (39) 

From this damage parameter we can predict the deformation response i.e. 

 2Nl
3 
<<1 (fully elastic response) 

 2Nl
3 
>> 1 (fully plastic response) 

Different techniques are utilized to determine damage parameter (Nl
3
).These method include: 

 In situ Acoustic emission during unloading as well as loading. 

 Thermal wave imaging (non-destructive evaluation) and is very effective to quantify the 

density of micro-cracks. 

 Quasi-plastic damage and its microscopic aspects under the indentation can be studied using 

FEM (computational method) 

 Instrumented nano-indenters are also useful in evaluating damage zones on sectioned surfaces 

and utilize micro-crack density and elastic modulus to evaluate damage intensities. 

3.9.4 Deformation behavior and crack propagation of each grade 

  In this section crack geometry and propagation of indented specimens at both top side and cross-section 

is discussed for each grade. As mentioned earlier in section these sample were indented at critical loads 

and split and bond method was utilized. These four grades contain different cobalt content and grain size. 

Basic idea is to determine the type of crack morphology and crack propagation when indented with 



spherical indenter. This whole method has lot of practical implications and is very much related with 

practical applications. 

a) Grade C: 

  On top side ring cracks were formed as shown before. These ring cracks are formed as the applied load 

increases the threshold value. Sometimes radial cracks are also formed depending upon the applied load. 

SEM images for top side is shown below for different regions of cracks on top side: 

 

 

 

(a) 



    

 

    

 

 

(b) 

(c) 



 

 

 

Figure 30: SEM images of different regions at top side of indented specimen (a), (b), (c), (d) and (e) 

showing different crack propagation behavior. 

As we can see in figure 30, most of the crack propagation is through cobalt binder phase. In some cases 

WC grains also show transgranular fracture as shown in figures (d) and (e). Crack propagation has also 

(d) 

(e) 



followed carbide/carbide path while at some regions it is along carbide/binder. At the cross-section it also 

has cracks that followed pretty much same behavior as on top side for crack geometry, shown in figure 

31: 

 

 

 

Figure 31:Cross-section regions of grade C after indentation at lower (a) and high mag. (b)  

(a) 

(b) 



Crack propagation started from the point of contact between indenter and specimen and it penetrated into 

the specimen. This propagation was through the binder while at the same time also destroying carbide 

grains as we can see in figure 31 (b). 

 

b) Grade A: 

On the top side of indented specimen, crack behavior and propagation was similar to that of C grade 

mentioned earlier. It also experienced transgranular fracture through carbide along with other mechanisms 

mentioned earlier. SEM images for top side are shown in figure 32 below for different crack regions: 

 

 
(a) 



 

 

 

Figure 32: Top side of grade A showing different cracking mechanisms (a), (b) and (c) for different 

regions.  

Grade A when compared with grade C has lower cobalt content while grain sizes are quite similar. When 

looked into cross-section grade A experienced slip bands in carbide grains along with cracks propagation 

similar to the four mechanisms mentioned earlier. Having lower cobalt content, deformation also occurred 

in carbide grains. Figure 33 shows region right below the indentation with crack starting from the top and 

penetrating into the specimen along with deformed WC grains. 

(b) 

(c) 



 

 

 

Figure 33: Region right below indentation showing different deformation mechanism. 

At some regions crack propagated through the binder and across the binder/carbide boundary. It is shown 

in figure 34 (a) and (b): 

 
(a) 



 

 

Figure 34: Crack propagation along carbide/binder boundary (a) and (b). 

From theory of Hertzian indentation it is believed that deformation is maximum at half of contact area 

radius. Figure below shows deformation at region which is approximately half of the contact area: 

 

(b) 

(a) 



 

 

Figure 35: Region at approximately half of the contact area (a) with slip bands formation in WC along 

with micro-cracks in carbide grains (b). 

c) Grade H: 

         Grade H is with coarse grain size with high cobalt of cobalt. This grade indented using split and 

bond method with 2,5mm indenter radius at 5037 N load. On top side side ring cracks were formed with 

behavior of cracks similar to the ones on top side as other grades mentioned earlier. Having larger binder 

(cobalt) content lot of crack propagation has taken place in the binder. Transgranular cracking is also 

obvious as shown in SEM images in figure 36 : 

(b) 



 

 

 

(a) 

(b) 



 

 

Figure 36: Crack propagation at top-side of grade H showing different cracking modes in (a), (b) and (c) 

 

In the cross-section region it has lot of slip bands in carbide grains and most of deformation took place in 

carbide grains as shown in figure 37: 

(c) 



 

 

 

(a) 

(b) 



 

 

Figure 37: Deformation in carbide grains at cross-section. 

d) Grade I: 

Being the coarsest among all grades, it also had ring cracks with crack geometry similar to top sides of 

other grades and had mixed deformation i.e. through both binder and carbide. It is shown in figure 38: 

 

(c) 



 

 

Figure 38: Top side showing crack behavior indented at critical load. 

In the cross-section carbide grains had lot of slip along with cracks mostly through the binder as shown in 

figure 39: 

 

(a) 



 

Figure 39: Cross-section of grade I at critical load showing different deformation mechanisms. 

        Based on the images for top side of each grade we can see that in all of the grades crack behavior is 

either through carbide or through binder while at some regions it is it is along carbide/carbide and 

carbide/binder. At the cross-section except grade C, all other grades have slip bands along with mixed 

crack geometries. Slip bands are most prominent in coarse grains i.e. grade H and I. From this different 

deformation behavior we can play with the composition and grain size depending on the need in real life 

applications. Split and bond method is one method to study deformation mechanisms on both top side and 

cross-section. Further emphasis needs to be done in order to have more insight about the deformation 

behavior and fracture toughness. 

 

 

 

 

 

 

 

(b) 



4 Computational Models 

Cemented carbides being a composite material contains WC embedded in ductile matrix which is 

normally Cobalt. These carbides possess high strength, modulus combined with moderate fracture 

toughness have become very important in many cutting applications. To have good Mechanical properties 

combined with optimium fracture toughness is of great importance for these hardmetals. Based on 

different micro-structural parameters and assuming deformation in cobalt binder and in carbides, different 

fracture toughness models have been proposed in the past. Using these micro-structural parameters we 

have tried to determine the performance of these models by establishing a comparison with the fracture 

toughness obtained through experiment as discussed earlier in this report. In some places some 

modification has also been carried out in order to have better co-relation with the experimental data. 

4.1 Godse and Gurland Model: 

This model [60] uses the idea of ductile fracture proposed by Rice and Johnson [61] and is based on 

ductile failure concept that for a crack to proceed critical strain should exceed a limit after which crack 

growth will take place. Fracture toughness obtained using this model is based on the fact that crack 

growth resistance comes from the ductile binder (cobalt) and is valid for 10 % to 25% binder volume 

fraction. Effective yield stress of binder was taken into consideration and was calculated by using 

equation (40) as proposed by Sigl. et al. [59]. 

    σB = 480 MPa+ 1550/λ MPa                                               (40) 

Where λ is binder mean free path and σB is binder flow stress. 

Utilizing binder mean free path (λ), contiguity (C), d is grain size (µm), volume fraction of WC is VWC 

and flow stress of binder, fracture toughness (K1C) expressed in MPam
1/2

 can be evaluated by using 

equation (41): 

     K1C = (R (λ+d)E´σB (1-CVWC)/C1)
1/2                                                    

(41) 

Where R is a floating parameter in the case of data from Gurland’s article, calculated on the basis of best 

fitting with experimental data and was taken as 0.78 while C1 =0.54 from R. M. MCMEEKING [62] 

while E´ can be calculated by using equation (42) for plane stress: 

E´=E/1-Ʋ2                                                                                                                           
(42)

 

In our case we tried to determine R by using regression and comparing the factor P mentioned below with 

fracture toughness values from chevron notch. P can be calculated by using equation (43): 

P= ( (λ+d) E´ σB (1-CVWC) / C1)
1/2                                                                 

(43) 

Regression obtained after mean fitting in our case is shown in figure 40: 

 



     

 

                                                                                                                    

Figure 40: Plot of experimental K1C obtained through chevron notch versus parameter P (Gurland) in (a) 

and P (Ågren) in (b) as mentioned in equation 43 

R value obtained in our case is for two different binder flow stress are shown in figure 40. Binder flow 

stress was also obtained by dividing hardness of cobalt (Hco) by constraint factor of cobalt phase (3) as 

proposed by Xu and  Ågren [10] from hardness and yield stress relationship mentioned in equation (44). 

Elastic modulus was obtained using Hashin and Shtrikman as discussed earlier and then E’ was calculated 

[21]. 

HCo = 2.98 + 3.9 / (λ) 
1/2                                                                                                 

(44) 
 

  

After modification results obtained are shown in table 14: 
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Table 14: Comparison of K1C obtained using different R values in Godse and Gurland model. 

 

As we see from results mentioned in table 14 that K1C  values are in good agreement with fracture 

toughness values obtained from chevron notch method. So by utilizing different microstructural 

parameters we can also have a theoretical estimation of fracture toughness as mentioned above. 

4.2: Ravichandran Model: 

 

        Ravichandran [63] proposed that strain energy release rate (Gc) is the sum of fracture resistance of 

binder phase and fracture energy of carbide phase and can be calculated using equation (45): 

 

Gc = (1-Vf)Gm + Vfσohχ                                                                                       (45) 

 

Where Gm is the strain energy release rate of brittle phase which is WC, h is similar as binder mean free 

path (λ) ,Vf and σo are volume fraction and bulk flow stress of binder. Work of rupture is χ and is related 

to bulk flow stress of finder with the following equation (46): 

 

χ =σeff  β / σo                                                                                                                                                                    (46) 

 

 Bulk flow stress of finder can be further elaborated using the equation (47) and is related to effective 

flow stress (σeff): 

 

 
 

Where d is grain size (µm) and k is maximum shear factor with value of 0.577.Hence fracture toughness 

can be determined by the following relation proposed in equation (48): 

 

 
 

 

In equation (48), Kc is the fracture toughness of the composite, Ec and Ʋc are elastic modulus and 

Poisson’s ratio of composite, β is the constant with value 2 and is the ratio of critical crack tip to binder 

Grade P (Godse & Gurland) P(Xu & Ågren) K1C(Godse & Gurland) K1C (Xu & Ågren)

A 23,273 23,453 9,277 8,508874086

B 27,660 28,816 11,025 10,45436067

C 29,913 30,717 11,923 11,14395507

D 24,479 25,539 9,757 9,265536433

E 31,637 33,567 12,611 12,17827727

F 28,429 31,372 11,332 11,38165695

G 31,462 34,427 12,541 12,49009744

H 35,333 42,384 14,084 15,37690514

I 30,564 36,358 12,183 13,19061003

(47) 

(48) 



thickness while Km, Em and Ʋm are fracture toughness, elastic modulus and Poisson’s ratio of brittle phase 

(WC). Elastic modulus for the case of plane stress will be of composite will be Ec/1-Ʋc
2  

 

  Based on this method fracture toughness was determined assuming the bulk flow stress to be 850 MPa 

and results obtained are shown in table 4.2. Effective flow stress was determined using this binder flow 

stress.Ec was obtained from lower bound of Hashin and Shtrikman [21] for the case of plane stress. 

Results obtained are: 

 

 
 

 

Table 15: Fracture toughness obtained using Ravichandran Model for different β values.  

 

Fracture toughness of brittle phase (Km) was taken as 6.8 from literature and results obtained using 

binder flow stress of 850 MPa and β =2 are over-estimated in comparison with β=0, 75.Factor β is 

considered to be the critical crack opening displacement and when it is 2 then it is assumed that critical 

crack tip opening displacement is twice the binder thickness [63]. We calculated β=0,75 by using true 

fracture toughness values obtained from chevron notch method in equation 4.9 for each grade and then 

utilizing mean square fitting parameter which turned out to be 0,75. At 0,75 it has the best fitting in 

relation with results obtained from chevron notch method. It is proposed that binder flow stress needs to 

be further explored in order to establish better relationship with the experimental values as compared to 

the stress values mentioned in section 4.1. 

4.3 Laugier Model: 

 

M.T.Laugier [64] also proposed an empirical equation, relating fracture toughness with hardness. It is 

valid for hardness ≥ 10000 MPa. Fracture toughness (Kc) can be calculated by using the following 

equation (4.10) and is expressed in MPam
1/2

: 

 

             Kc =2,15 * 10
6 
(E/H)

0,6 
*(1+0,012 E/H)

-0,6 
H

-1,5                                
(49)

 

 

Where H is hardness of cemented carbide expressed in MPa and E is elastic modulus in MPa. 

 

Modified hardness model proposed by Xu and Ågren [10] and using lower bound of Hashin and 

Shtrikman [21] as mentioned earlier. Results obtained are shown in table 16 for the grades while utilizing 

different micro-structural parameters like contiguity, grain size, binder mean free path etc. 

 

Grade Kc(with β = 2) Kc(with β =0,75)

A 13,592 9,698

B 16,65 11,227

C 18,115 11,977

D 14,792 10,313

E 18,72 12,355

F 17,35 11,694

G 20,056 13,151

H 25,221 16,091

                  I 20,384 13,404



 
 

Table 16: Fracture toughness values obtained for each grade using Laugier model. 

 

As we can see in  table 16 that the values are too low when compared with true experimental values from 

chevron notch. A comparison is shown in figure 41 for toughness models and experimental K1C values. 

 

 
 

Figure 41: Comparison of different fracture toughness models with experimental K1C values. 

 

In all three fracture toughness models we tested, it was found out that these models go well when  

compared with true fracture toughness values as we can see from the results obtained. Binder flow stress 

along with some fitting parameters needs to be further explored and adjusted in order to have better usage 

of these models. Since there exists quite a big variation in binder flow stress values that have been used in 

Ravichandran Model and Godse and Gurland Model. 

 

 

 

 

Grade Kc

A 4,668

B 5,624

C 7,115

F 7,251

G 8,592

E 8,781

H 10,776

D 5,666

I 7,980



Conclusions: 

 

 EBSD is a very good tool in determining micro-structural parameters like binder mean free path, 

contiguity, volume fraction of carbide, binder and grain size. These micro-structural parameters 

can be related with various mechanical properties and give a very useful insight about the 

properties of hardmetals. 

 Palmqvist method gives a good approximation of toughness in the range of 10 and 15 MN m
-3/2

 

but becomes invalid for coarse grades. Crack geometry under the indentation also needs to be 

verified. If palmqvist cracks are not formed under the indentation then we cannot use Palmqvist 

method. Specimen should be free from residual stresses. 

 Chevron-notch method is a very useful in determining fracture toughness for a range of binder 

composition and grain size of hardmetals. There are issues related with notch preparation and 

geometry of notch in hardmetals. Sample height, initial crack length, span length and chevron 

notch angle are important in the overall results.  

 For spherical indentation optimum indenter radius along with flat surface free from residual 

stresses is important for the determination of fracture toughness. Hertzian indentation might give 

an overestimate of K1C because not all cracks will be situated at the particular position  for which 

Stress intensity factor  is minimum as in reality flaw density is not infinite. Materials behave 

different under different loads and behavior can be observed with difference in brittleness index. 

Brittleness index has lot of implications in practical applications. 

 Split and bond technique can give information about the deformation behavior for different 

grades. Grain size and binder content has lot of influence on the overall deformation behavior. 

From the knowledge of these deformation behavior and difference in crack propagation one can 

improve the overall properties of hardmetals depending on the application and loading conditions. 

 Current fracture toughness models give estimation of fracture toughness values as discussed. 

Binder flow stress of cobalt needs to be further studied and current fracture toughness theoretical 

models might need some modifications and adjustments so that we can have better results. 

            

 

 



 

 

 

Future work: 

 

Much emphasis needs to be done on the crack geometry formed under indentation when it comes 

for Palmqvist method. There are limitations attached with every toughness determination method 

for hardmetals. Current methods need further improvement and modifications and also toughness 

determination of hardmetals through Hertzian indentation is to be further explored. Graded and 

coated materials behave differently than bulk materials which we tested during the course of this 

master’s thesis. Deformation behavior and crack propagation are very insightful and give the idea 

about the nature of hardmetals when subjected to different loading conditions. More information 

about these various deformation behaviors will be helpful. Theoretical Fracture toughness models 

also have to be re-accessed in order to have better correlation with true values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements: 

 

First of all, I would like to thank and acknowledge the efforts of my supervisor Rachid M'Saoubi . His 

guidance and technical help has made it possible for this project to grow from apprehension to 

completion. 

 

I am also very indebted and grateful for the cooperation, assistance and guidance from colleagues from  

Seco R&D Materials and Technology Development: Tomas Persson, Martin Schwind, Tommy Larsson, 

Carina Blom, Emily Edström and Malin Svedberg. 

 

I would also like to extend my appreciation to Birgitta Legin Eyzop and Bengt Skilberg from Seco   

 

I would also like to thank Peter Flasar from Pramet tools (Czech Republic) and Zdenek Chlup (Brno 

University, Czech Republic) for their help with carrying out chevron notch fracture toughness 

experiments. 

 

Prof. Luis Miguel Llanes, Jing Yang and Alvaro Mestra from Universitat Politècnica de Catalunya 

(Spain) are greatly acknowledged for providing access and technical support with the spherical Hertzian 

indentation experiments. 

 

Special thanks to Fredrik Josefsson and Anders Nordgren from Sandvik, R&D Materials Processes, 

Stockholm for facilitating the EBSD microstructure analysis of the cemented carbide specimens. 

 

And to everyone else who helped, you are never forgotten. Thanks! 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 

[1] R. Irwan and H. Huang, ‘‘Mechanical properties and fracture characteristics of cemented tungsten 

carbide with fine microstructure studied by nano-indentation’’, Int. J. Surface Science and Engineering, 

Vol. 2, Nos. 1/2, 2008 

[2]T.H. Courtney, Mechanical Behavior of Materials, 2
nd

 

ed., McGraw-Hill, Inc., 2000 

 

[3] ROLAND SPIEGLER, SIEGFRIED SCHMADDER & LORENZ S. SIGL, ‘‘Fracture Toughness 

Evaluation of WC-Co Alloys by Indentation Testing’’, JOURNAL OF HARD MATERIALS, VOL. 1, 

NO. 3, 1990 

 

[4] H.E. Exner, “Physical and Chemical Nature of Cemented Carbides”, Int. Metal. Rev., 4, 149 (1979) 

 

[5] K.P. Mingard, B. Roebuck , E.G. Bennett , M.G. Gee, H. Nordenstrom , G. Sweetman , P. Chan, 

‘‘Comparison of EBSD and conventional methods of grain size measurement of hardmetals’’, Int. Journal 

of Refractory Metals & Hard Materials 27 (2009) 213–22 

[6] J. Gurland, “An Estimate of Contact and Contiguity of Dispersions in Opaque Samples”, Trans. 

Metall. Soc. AIME, 236, 642 (1966). 

 

[7] R.M. German, “The Contiguity of Liquid Phase Sintered Microstructures”, Metall. Trans. A, 16A, 

1247 (1985) 

 

[8]J. Gurland, “New Scientific Approaches to Development of Tool Materials”, Int. Mater. Rev., 33, No. 

3, 151 (1988) 

 

[9] E. Underwood, Quantitative Stereology, Addison-Wesly, Inc., New York, 1970 

 

[10]Zhi-Hui Xu, John Å gren, “A modified hardness model for WC–Co cemented carbides”, Materials 

Science and Engineering A 386 (2004) 262–268 

 

[11] Humphreys FJ. , Grain and sub grain characterization by electron backscatter diffraction,J Mater Sci 

2001;36:3833–54 

 

[12] Randle V. ,Microtexture determination and its applications. 2 ed. London: Institute of 

Materials/Maney; 2003 

 

[13] Roebuck, B., Terminology, testing, properties, imaging and models for fine grained hardmetals, Int J. 

of Refractory Metals and Hard Mater., 13 (1995) 265-279. 

 



[14]H. C. Lee and J. Gurland, Hardness and deformation of cemented tungsten carbide, Materials Science 

and Engineering 33 (1978) 125-133 

 

[15]  J. Gurland and P. Bardzil, ‘‘Relation of strength, composition and grain size of sintered WC-Co 

alloys’’. Transactions of the AIME 203 (1955) 311-315 

 

[16] H. Engqvist, S. Jacobson, and N. Axen, “A Model for Hardness of Cemented Carbides”, Wear, 252, 

384 (2002) 

 

[17] Seung I. Cha, Kyong H. Lee, Ho J. Ryu, Soon H. Hong, ‘‘Analytical modeling to calculate the 

hardness’’ Materials Science and Engineering A 489 (2008) 234–244 

 

[18]  Tanck E, Donkelaar CC, Jepsen KJ, Goldstein SA, Weinans H,Burger EH, et al. The mechanical 

consequences of mineralization in embryonic bone. Bone 2004; 35:186–90. 

 

[19]  Antunes JM, Cavaleiro A, Menezes LF, Simo˜es MI, Fernandes JV.Ultra-microhardness testing 

procedure with Vickers indenter. Surf Coatings Technol 2002; 149:27–35. 

 

[20]  Lauwagie T, Sol H, Heylen W, Roebben G. Determination of the inplane elastic properties of the 

different layers of laminated plates by means of vibration testing and model updating. J Sound Vibr. 

2004; 274:529–46 

 

[21]  Z. Hashin, S. Shtrikman, J. Mech. Phys. Solids 11 (1963) 127–140. 

 

[22]  C. Nishimatsu, J. Gurland, Trans. ASM 52 (1960) 469–484. 

 

[23]  Work Instructions for TRS test, Kennametal, Inc., 1998 

[24]  H.E Exner. and J. A Gurland, A review of parameters influencing some mechanical properties of 

tungsten carbide cobalt alloys. Powder Metallurgy 13 (1970) 13-31 

 

[25]  Chatfield C. Comments on microstructure and the transverse rupture strength of cemented carbides. 

Int J Refrac Metals Hard Mater 1985;4(1):60. 

 

[26] Zhigang Zak Fang, Correlation of transverse rupture strength of WC–Co with hardness, International 

Journal of Refractory Metals & Hard Materials 23 (2005) 119–127 

[27]W. D. Schubert, H. Neumeister, G. Kinger, B. Lux, Hardness to toughness relationship of fine-

grained hardmetals, International Journal of Refractory Metals & Hard Materials 16 (1998) 133-142 

 

[28] Shetty D, Wright I, Mincer P. J Mater Sci 1985; 20: 1873-1882. 

[29]  K. Niihara,J. Mater. Sei. Leu., 2, 221-223 (1983) 

 

[30] R Warren and H.J. Matzke, Proe. First Int. Conf. on Science of Hard Materials (RK. Viswanadham, 

D.J. Rowcliffe and J. Gurland, Eds), Plenum Press, New York (1981), pp. 563-582. 



 

[31] B Roebuck and E G Bennett, HARDMETAL TOUGHNESS TESTS: VAMAS 

INTERLABORATORY EXERCISE, Report No. 48,ISSN 1016-2186 ,March 2005 

[32]Xin Deng,Jon Bitler, Krishan K. Chawla and Burton R. Patterson, Toughness Measurement of 

Cemented Carbides with Chevron-Notched Three-Point Bend Test, 10.1002/adem.201000064 

 

[33] L. M. Barker, Int. J. Fract. 1979, 15, 515. 

 

[34] D. Munz, R. T. Bubsey, J. E. Srawley, Int. J. Fract. 1980, 16, 359. 

 

[35] S.B.BINER,  J.T.BARNBY  and  D.W.J.ELWELL, On  the  use  of  short-rod/bar  test  specimens  to  

determine  the fracture  toughness  of  metallic  materials, International  Journal  of Fracture 26 (1984) 3-

16. 

[36] Brian R. Lawn, Indentation of Ceramics with Spheres: A Century after Hertz, J. Am. Ceram. Soc., 81 

[8] 1977–94 (1998) 

[37] 6. Gopal S. Upadhyaya: Cemented Tungsten Carbides Production,Properties, and Testing, Noyes 

Publications, New Jersey, USA,1998. 

 

[38] 7. J. Gurland and P. Bradzil: Trans. TMS-AIME, 1955, vol. 203, pp. 311–15. 

 

[39] H. Unckel: Z. Metallkd., 1963, vol. 54, pp. 525–38. 

[40] H. Fischmeister and H.E. Exner: Arch. Eisen., 1966, vol. 37,pp. 499–510. 

 

[41] D. K. Kim, Y.-G. Jung, I. M. Peterson, and B. R. Lawn, “Cyclic Fatigue of Intrinsically Brittle 

Ceramics in Contact with Spheres,” Acta Mater., 47 [18] 4711–25(1999). 

 

[42]  M. T. Hüber, Ann. Phys. Lpz. 14 (1904) 156. 

 

[43] Frank, F. C. & Lawn, B. R., On the theory of Hertzian fracture. Proc. R. Sot. Lond., A229 (1967) 

291-306. 

 

[44] Wilshaw, T. R., The Hertzian fracture test. J. Phys. D: Appl. Phys., 4 (1971) 1567-81. 

 

[45] A. Franco Jr.,  S. G. Roberts, Surface mechanical analyses by Hertzian indentation, Cerâmica 50 

(2004) 94-108. 

 

[46] H. Hertz, Zeitschrift fur die Reine und Angewandte Mathematik  92, 156-171 (1881); English 

translation in Miscellaneous Papers, translated by D. E. Jones, G. A. Schott, Macmillan, London, U.K. 

(1881) p. 146. 

 

[47] P. D. Warren, J. Eur. Ceram. Soc. 15 (1995) 385. 

[48] C. Larsson,M. Ode´n, X-ray diffraction determination of residual stresses in functionally graded 

WC–Co composites, International Journal of Refractory Metals & Hard Materials 22 (2004) 177–184 



[49] HAIBO ZHANG, ZHIGANG ZAK FANG, and J. DANIEL BELNAP, Quasi-Plastic Deformation of 

WC-Co Composites Loaded with a Spherical Indenter, DOI: 10.1007/s11661-006-9036-y 

[50] M. P.T H O M A S, A.ROSEN, The validity of transverse  rupture  strength  data for WC-Co  hard 

Materials, JOURNAL  OF  M A T E R I A L S   SCIENCE LETTERS  14  (1995)  1512 1514 

[51] S. Wu, Eng. Fracture Mech. 1984, 19, 221 

[52] Young-Woo Rhee, Hae-Won Kim, Yan Deng, and B.R. Lawn: J. Am. Ceram. Soc., 2001, vol. 84 

(5), pp. 1066–72. 

 

[53]  F.C. Frank and B.R. Lawn: Proc. R. Soc. London, 1947, vol. A299 (1458), pp. 291–306. 

 

[54]  B.R. Lawn: J. Am. Ceram. Soc., 1998, vol. 81 (8), pp. 1977–94. 

[55] R. Spiegler and H. F. Fischmeister, Prediction of crack paths in WC-Co alloys, 

Acta metal. Materi. 40 (1992) 1653-1661 

 

[56] Beste U, Coronel E, Jacobson S. Wear induced material modifications of cemented carbide rock drill 

buttons. Int J Refrac Met Hard Mater 2006;24:168–76. 

 

[57] Doi H, Fujiwara Y, Miyake K. Mechanism of plastic deformation and dislocation damping of 

cemented carbides. TMS AIME 1969;245:1457–70 

[58] Lawn BR, Marshall DB. Nonlinear stress–strain curves for solids containing closed cracks with 

friction. J Mech Phys Solids 1998;46:85–113. 

 

[59] L.  S.  SIGL and H.  F.  FISCHMEISTER, On the Fracture toughness of cemented carbides, Acta 

metall. Vol. 36, No. 4, pp. 887-891, 1988 

[60] R.Godse & Gurland Model, Applicability of the critical strain fracture criterion to WC-Co 

hardmetals, Materials science and engineering, A105/106 (1988)331-336. 

[61] J.R. Rice and M.A.Johnson, in M.F.Kanninen, W.F.Adler, A.R.Rosenfield and R.I.Jaffe (eds.), 

Inelastic behavior of solids, McGraw-Hill,New York,1970. 

 [62] By R. M. MCMEEKING, FINITE DEFORMATION ANALYSIS OF CRACK-TIP OPENING IN 

ELASTIC-PLASTIC MATERIALS AND IMPLICATIONS FOR FRACTURE, J. Mech. Phys. Solids, 

1977, Vol. 25, pp. 357 to 381. 

 

 [63] K.S. Ravichandran, “Fracture Toughness of Two Phase WC-Co Cermets”, Acta Metall. Mater., 42, 

No. 1, 143 (1994) 

[64] M.T.Laugier,Palmqvist indentation toughness in WC-Co composites, Journal of materials science 

letters 6 (1987) 879-900. 

[65] B Roebuck and E G Bennett, HARDMETAL TOUGHNESS TESTS: VAMAS 

INTERLABORATORY EXERCISE, Report No. 48, ISSN 1016-2186 ,March 2005 


