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Abstract 

 

A deep knowledge of micromechanical properties of each constitutive phase of cemented 

carbides is crucial to improve their performance on the basis of microstructural design 

optimization. In the present work, a systematic experimental procedure has been followed to 

determine the intrinsic hardness of individual WC and (W,Ti,Ta,Nb)C particles, as well as that 

of the metallic binder, within a WC-Co composite containing a solid solution of mixed carbide 

as a third phase. In doing so, massive nanoindentation and statistical analysis of the gathered 

data are combined. Results showed that (W,Ti,Ta,Nb)C particles are significantly harder than 
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WC ones, independent of the hardness anisotropy exhibited by the latter. Hardness 

assessment for the metallic binder required further analysis, including data deconvolution 

using thin film models and consideration of substrate effects. The attained hardness values 

are then used for estimation of effective flow stress of the metallic phase by means of Tabor’s 

equation, yielding values ranging between 1.3 and 2.0 GPa. These high constraining-related 

values are finally validated by experimental assessment of stress levels at which strain bursts 

are identified in stress-strain curves obtained by uniaxial compression of micropillars. 

 

Keywords: Nanoindentation; statistical indentation; cemented carbides; EBSD; intrinsic 

hardness; uniaxial compression. 
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1. Introduction 

 

Optimization of microstructural design of cemented carbides (usually referred to as 

hardmetals) is based on the premise of understanding how microstructural changes affect the 

compromising relationship between hardness and toughness (e.g. Refs. [1–4]). It is well-

known that addition of third (ceramic) phases or use of binder with different chemical nature 

are interesting approaches for improving the performance of plain WC-Co systems. This is 

particularly true in applications involving extreme conditions like exposure to high 

temperature, abrupt thermal changes or corrosive environments (e.g. Refs. [5–14]). 

Knowledge of micromechanical properties such as intrinsic hardness of all the constitutive 

phases or the effective yield stress of the existing binder − after consideration of constraining 

by the surrounding ceramic particles − may be critical to define guidelines towards effective 

microstructural assemblage.  

 

Hexagonal close packed (hcp) tungsten carbide (WC) particles are the usual ceramic 

component in cemented carbides [15]. Apart from WC, these composites may contain varying 

proportions of faced centered cubic (fcc) carbides, such as titanium carbide (TiC), tantalum 

carbide (TaC) and niobium carbide (NbC). These three carbide types are mutually soluble and 

can also dissolve a high proportion of WC. In general, any single (besides WC) or combination 

of carbide phases, including solid solution of mixed carbides, is commonly referred to as the 

(third) γ-phase. Such carbides are usually added as WC grain growth inhibitors and/or 
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reinforcing third phases [16–18]. Furthermore, they improve corrosion resistance of straight 

WC-Co grades [19]. In recent years, substitution of WC in cemented carbides has been 

pursued, due to economic reasons associated with its hard accessibility as well as health 

reasons related to possible formation of tungsten trioxide (WO3) during service, the latter 

being suspected to cause cancer [20]. 

 

Macroscopic mechanical characteristics of cemented carbides have been extensively studied 

and are well-documented (e.g. Refs. [1–4,15,21,22]). Meanwhile, knowledge of mechanical 

features for these materials at micro/nano length scales, regarding both the composites 

themselves and individual phases, is rather scarce. In this regard, most of the research 

conducted has focused on the study of small-scale hardness of WC crystals, yielding clear 

evidence of its strong anisotropic nature [23–31]. On the other hand, similar information on 

the micromechanical properties of other ceramic particles is limited to the anisotropic effects 

on the hardness for nonstoichiometric TiC crystals reported by Maerky et al. [32] and 

Guemmaz et al. [33].  

 

Recently, the authors of this investigation have implemented two different micromechanical 

approaches for studying the small-scale mechanical response of WC-Co cemented carbides: 

(1) massive nanoindentation together with statistical analysis of the gathered data [34,35]; 

and (2) uniaxial compression of composite micropillars complemented by focused ion beam 

(FIB) cross-section analysis [36,37]. Both testing routes have shown to be quite successful for 
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experimental assessment and understanding intrinsic mechanical properties of main 

constitutive phases, especially those of the constrained metallic binder. In this study, above 

experimental approaches are combined to evaluate micromechanical properties of a 

hardmetal grade composed by WC, Co as binder, and a solid solution of mixed carbides 

(W,Ti,Ta,Nb)C as a third phase. Special attention is paid to determine intrinsic hardness for the 

mixed carbide phase as well as the flow stress (σflow) of the constrained metallic phase. The 

latter is first estimated from massive nanoindentation and analysis of the gathered data, 

including statistical deconvolution, implementation of thin film models and consideration of 

substrate effect. The attained values are then validated by comparison with experimental 

ones determined from stress-strain response of tested micropillars. 
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2.2.2.2. Experimental procedureExperimental procedureExperimental procedureExperimental procedure    

 

2.1 2.1 2.1 2.1 Material studied and nMaterial studied and nMaterial studied and nMaterial studied and nanoindentation testinganoindentation testinganoindentation testinganoindentation testing    

 

The investigated material is a WC-(W,Ti,Ta,Nb)C-Co hardmetal grade supplied by Hyperion 

Materials & Technologies. Prior to the microstructural and mechanical characterization, the 

surface of the sample was ground and diamond polished up to mirror-like surface finish 

following  6 µm to 3 µm polishing steps, with a final stage of polishing with colloidal silica. A 

field emission scanning microscopy (FESEM JEOL 7001F) image of the microstructure of the 

hardmetal grade is shown in Figure 1 a. Energy dispersive X-ray spectroscopy (EDS) mapping 

for the Ti and W was done (Figures 1 b and c). As expected, Ti (and consequently Ta and Nb), 

is completely allocated within the mixed carbide particles. Semi-quantitative analysis of this 

third phase allows to describe it as a solid solution of mixed carbides containing around 44 

wt.% of W, 20 wt.% of Ti, 12 wt.% of Ta, 9 wt.% of Nb and 15 wt.% of C. 

 

Mean grain size of each carbide phase (dWC and d(W,Ti,Ta,Nb)C) was determined by means of 

linear intercept method [38] using FESEM micrographs. Binder (%wt.Co) and carbide (%wt.WC 

and %wt.(W,Ti,Ta,Nb)C) contents correspond to values supplied by the manufacturer. Contiguity 

(C) of the carbide phase and mean free path (λCo) of the metallic one were estimated from 

relationships proposed by Tarragó et al. [39], considering an average mean carbide size of 

around 1 µm and neglecting chemical composition differences between the two carbide 
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phases (i.e. WC and (W,Ti,Ta,Nb)C). Microstructural parameters for the material investigated 

are summarized in Table I. 

 

Nanoindentation measurements were performed with a Nanoindenter XP (MTS) using the 

continuous stiffness measurement module (CSM) with a Berkovich diamond tip. Calibration of 

the contact area of the tip was done with fused silica - known value of Young’s modulus of 72 

GPa and Poisson’s ratio of 0.17 [40]. Mechanical properties were determined from load-

displacement curves according to Oliver and Pharr method [40,41]. Hardness for the 

composite was determined by nanoindentation tests with a maximum displacement into 

surface of 2000 nm and a distance between imprints of 50 μm, in order to avoid any 

overlapping effect. A total of 15 imprints were done at this indentation depth. 

 

Massive nanoindentation (around 2500 imprints) was performed with a maximum 

displacement into surface of 200 nm at which no size or scale effects that affect the hardness 

value can be expected, as shown by Roa et al. [34]. The distance between imprints was kept 

constant and equal to 5 µm. Observation of the residual imprints was done by means of 

FESEM. Data was statistically analyzed following the method proposed by Ulm and coworkers 

[42–45]. Theoretical framework behind this approach is based on: (1) consideration of a 

sample composed by several i distinct phases with different mechanical properties (H); (2) 

assumption of mechanical properties of each phase to be distributed following a Gaussian 

distribution (pi) as follows: 
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                                                  (Eq. 1) 

 

where Hi is the arithmetic mean for each indentation (Ni) on each constitutive phase (i), and σi 

is the standard deviation; (3) generation of experimental cumulative distribution function 

(CDF) for each (Gaussian distributed) phase written as follows: 

 

��� = 	∑ �
�� �� erf ���	�


��	
                                                 (Eq. 2) 

  

where fi is the volume fraction of a mechanically identifiable phase [42]; and (4) final 

deconvolution of experimental CDFs, yielding then mean and standard deviation of hardness 

for each mechanical phase. In this study, the cemented carbide grade evaluated was 

considered to exhibit four phases defined by either its chemical nature (binder, WC and solid 

solution of mixed carbides) or by the crystallographic orientation of the carbide (basal or 

prismatic planes for WC). Details of the statistical method followed can be found elsewhere 

[34]. 
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Electron back scattered diffraction (EBSD) was carried out, using a  FESEM JEOL 7001F 

equipped with an orientation imaging microscopy system, for determining crystal orientation 

of specific mixed carbides where individual nanoindentation imprints were confined. Data was 

acquired at an acceleration voltage of 20 kV, using beam probe currents of 11 nA and a 

constant step size of 0.2 µm.  

 

2.2 Uniaxial compression of micropillars2.2 Uniaxial compression of micropillars2.2 Uniaxial compression of micropillars2.2 Uniaxial compression of micropillars    

 

Six micropillars were milled into the surface of the sample with a ZEISS Neon40 focused ion 

beam (FIB) – FESEM system operated at 5 kV and with a Ga
+
 ion source. Aspect ratio of the 

micropillars (lpillar/dpillar) was aimed to be close to 2 and taper angles were kept ˂ 5°. The 

resulting micropillars were compressed uniaxially with the above referred nanoindenter, using 

a flat diamond-punch of 5 µm and up to maximum strain (εmax) values of 5, 6 and 8 %. 

Nominal stress (σ) and strain (ε) were calculated from the load-displacement data with 

surface area at 1 µm in depth from the top of the micropillar. The effective elastic 

deformation of the indenter and the bulk material below the micropillar were corrected by an 

approach based on a Sneddon’s expression [46–48] as follows: 

 

χSneddon = (1 - νi
2
/Ei)*(Fmeas/dt) + (1 – νb

2
/Eb)*(Fmeas/db)                           (Eq. 3) 
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where χSneddon is the displacement corrected by Sneddon’s approach; Fmeas is the force 

measured during the test; dt and db are the diameters of the micropillar at the top and bottom 

respectively; Ei and νi correspond to the elastic modulus and Poisson’s ratio of the diamond tip 

(1140 GPa and 0.07 respectively [40]); and Eb and νb correspond to the elastic modulus and 

Poisson’s ratio of the bulk, taken to be 475 GPa (calculated from the rule of mixtures) and 

0.24 respectively. Inspection of the surface of each micropillar and sectioning was done after 

uniaxial compression tests by means of FIB-FESEM, in order to detect deformation and 

damage mechanisms caused by the uniaxial compression tests.  
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3.3.3.3. Results and discussionResults and discussionResults and discussionResults and discussion    

 

3.13.13.13.1 Hardness for the compositeHardness for the compositeHardness for the compositeHardness for the composite    materialmaterialmaterialmaterial    

 

Nanoindentation allows to determine the hardness of the bulk material at a length scale L, 

around four times the maximum indentation depth (hmax), at which the properties of the 

material are considered homogeneous [42]. In Figure 2 a, a residual imprint at hmax = 2000 nm 

is shown. It is evidenced that when indenting at this depth, the residual imprint combines the 

response of all the constitutive phases of the material. Thus, the estimated hardness 

corresponds to that of the bulk material. By plotting hardness (H) vs. displacement into 

surface (h) (Figure 2 b), the average hardness of the bulk is found to be around 18 GPa. It was 

assessed at indentation depth values between 1000 and 2000 nm, where the hardness 

exhibits a constant value. Thus, the effect of particles rearrangement can be discarded. The 

value of hardness found is higher than the average HV30 hardness reported for different WC-

Co cemented carbide grades (e.g. Ref. [22]), which is consistent with the possible influence of 

the harder mixed carbide phase. 

 

Furthermore, in Figure 2 a it can be seen that carbides grains exhibit different responses, 

depending on their chemical nature. On one hand (W,Ti,Ta,Nb)C grains undergo transgranular 

fracture preferentially. On the other hand, WC particles show combined plastic deformation 

(noticed as slip bands) and cracking phenomena, in agreement with findings reported by other 
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authors [24,28]. The different responses exhibited by both carbides could be associated with 

the higher hardness (and expected lower toughness) of the mixed carbides as compared to 

WC, as it will be shown below.  

 

3.23.23.23.2 Intrinsic Intrinsic Intrinsic Intrinsic hardness forhardness forhardness forhardness for    the the the the constitutive phases constitutive phases constitutive phases constitutive phases     

 

Hardness data determined from 2500 imprints, performed with a maximum displacement into 

surface of 200 nm, can be seen in Figure 3. Gaussian simulation for carbide and metallic 

phases, following statistical analysis, is overlapped in such figure. Corresponding hardness 

values for the four “mechanical” phases defined for the WC-(W,Ti,Ta,Nb)C-Co system, as 

obtained by data deconvolution, are reported in Table II. Based on information gathered from 

literature [24,26,28–30,34,49,50], peaks at intermediate values are directly linked to WC 

particles. As depicted in the histogram (Figure 3), intrinsic hardness for WC is found to be 19 

GPa for grains oriented in the prismatic plane and 25 GPa for those oriented in the basal one. 

On the other hand, the peak with the lowest value is clearly related to the effective hardness 

of the constrained binder. Finally, tagging of peaks with the intermediate and lowest values to 

WC and metallic phases, points out that the peak with the highest hardness value - centered 

at around 32 GPa - corresponds to the intrinsic hardness for the (W,Ti,Ta,Nb)C phase.  

 

Aiming to provide further support to the numerical value determined from statistical analysis, 

discretized small-scale experimental measurements were conducted in differently oriented 
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grains of (W,Ti,Ta,Nb)C where nanoindentation imprints were totally confined inside each of 

them. Figure 4 shows EBSD band contrast, phase and local crystallographic maps for the three 

main crystallographic orientations for mixed carbide grains: (001), (101) and (111). As 

observed in EBSD images, residual imprints are of similar size as the (W,Ti,Ta,Nb)C particles. 

Therefore, as values directly determined by using the Oliver and Pharr method are affected by 

the surrounding phases, intrinsic hardness values were evaluated by using the 10% rule [51], 

i.e. values were obtained at a depth equal to 10% of the diameter of the grain. In doing so, 

(W,Ti,Ta,Nb)C particles were considered spherical. By applying this rule, the contribution of 

the surrounding phases may be neglected and the intrinsic hardness as a function of the 

crystallographic orientation for the (W,Ti,Ta,Nb)C phase may be considered as properly 

evaluated.  

 

Results are shown in Figure 5, where hardness values are represented as a function of the 

calculated orientation parameter (o.p.) according to the following expression [52]: 

 

!. � = 3 ∗ %�&�'&�(�'(�%�
(%�'&�'(�)�                                                 (Eq. 4) 

 

where (h k l) are the Miller indexes for each selected grain of the mixed carbide as given by: 

 

ℎ = ,(-,/0,/�,12)3 . sin7. sin8�                                          (Eq. 5) 
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9 = ,(-,/0,/�,12)3 . cosφ�. sin8�                                         (Eq. 6) 

 

= = ,(-,/0,/�,12)3 . cos 7                                                  (Eq. 7) 

 

and calculated using the Euler angles - ϕ1, Φ and ϕ2 - directly extracted from the EBSD results 

by using the Channel 5.0 software. Lattice parameter of (W,Ti,Ta,Nb)C - ,(-,/0,/�,12)3  - was 

taken to be 4.4 >?, from the values found in the literature for the cubic carbides (TaC, TiC and 

NbC) [33,53,54].  Within this context, 0 and 1 values of o.p. correspond to the (001) and (111) 

planes respectively. 

 

Figure 5 may be described as a band plot of small-scale hardness values determined from 

statistical analysis of massive nanoindentation data. A slight overlapping, probably due to 

indentations that fell between carbides, is noticed. Regarding mechanical response of the 

third phase (i.e. solid solution of mixed carbides), it should be highlighted that most of the 

hardness values measured for individual grains are within the hardness band estimated for it. 

This finding further validates the experimental protocol here implemented. Nevertheless, 

range of hardness values determined in individual carbides is relatively wide, varying from 23 

to 38 GPa. Taking into account that experimental data are plotted as a function of orientation 

parameter, it is clear that the referred variation may not be related to crystallographic 
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orientation issues, as expected for a cubic carbide. Hence, aiming to rationalize the relatively 

wide range of hardness values for this phase, several factors involving either chemical nature 

or mechanical issues should be recalled. Regarding the former, hardness variability could be 

associated with nonstoichiometry and/or heterogeneous chemical composition. In this regard, 

it has been reported that for transition metal carbides of the Group V of the periodic table (as 

TaC) [55], as they do not have a closed packed structure, deviation from stoichiometry affects 

the position of metal atoms in the lattice and finally its intrinsic properties such as hardness. 

Concerning mechanical considerations, as it is evidenced in Figure 4, relative differences 

between residual imprint and particle dimensions as well as specific nature of surrounding 

phases could clearly affect small-scale hardness values determined for individual grains. 

However, a detailed study of these aspects was out of the scope of this investigation. On the 

other hand, for comparison purposes, it must be underlined that 23-38 GPa values are within 

the range of those reported for TiC (between 29 and 33 GPa) [32,33]; and higher than those 

(Vickers) presented in the literature for TaC (18 GPa) and NbC (20 GPa) [15,56].  

 

3.33.33.33.3    Hardness and flow stress for the constrained Co binderHardness and flow stress for the constrained Co binderHardness and flow stress for the constrained Co binderHardness and flow stress for the constrained Co binder    

 

As it has been stated in the previous section, statistical analysis of experimental data has 

clearly yielded a low peak value related to local hardness of the metallic phase. However, as it 

has been proposed and validated in previous works by the authors [34,35], reliable 

assessment of the intrinsic hardness for the constrained binder requires further analysis. As it 
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may be seen in Figure 6, mean free path of binder (λCo) in the surface and within the volume 

of the sample is around 0.4 µm (Table I), and within the scale of nanoindentation imprint 

(around 0.2 µm). Thus, the ratio between λCo and the indentation depth applied in the 

massive nanoindentation tests is rather small. In this regard, deconvolution of the intrinsic 

hardness for the binder may be attempted by implementing thin film model proposed by 

Korsunsky et al. [57], considering the binder as a layer deposited onto the carbides and 

according to the following expression: 

 

@3 = @A + �C��D
�'EF�                                                        (Eq. 8) 

 

where HC,  Hf  and HS are the hardness for the composite, the Co film and for the carbides 

substrate; β=α/t,  with α equals to the relative indentation depth; and κ is a constant related 

to the film thickness. Deconvolution was done in four nanoindentations where corresponding 

imprints were confined into the binder, i.e. microstructural scenario corresponding to 

constrained binder. Furthermore, aiming to estimate the influence of local differences at the 

substrate level, each mechanical phase of carbide nature was considered as an alternative 

option in the analysis. On the other hand, thickness t of the binder in the parameter β=α/t, 

was assumed to be constant and equal to the mean free path. Finally, the lateral contribution 

of the carbides was neglected because the stiffness in the normal direction is the dominant 

one in response, due to the acute angle of the Berkovich indenter (142.3°) [58]. 
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Table III shows the average values for the intrinsic hardness for the Co binder, after 

deconvolution using the thin film model proposed by Korsunsky et al. [57] (Equation 8). It 

includes consideration of the three different substrates for the four events analyzed. Effective 

values for intrinsic hardness of the constrained binder are found to be 5.7 ± 0.6 GPa, i.e. 

around 36% lower than values yielded by the statistical method (Table II). Moreover, 

implementation of thin film model analysis was found to be dependent on either substrate 

considered or discrete intrinsic hardness values measured. Regarding the former, lower values 

were found when assuming WCprismatic as substrate instead of WCbasal or mixed carbide (see 

Table III), corroborating then direct influence of the carbide phases laying under the 

constrained Co binder on its hardness. Concerning the latter, substrate influence becomes less 

significant as intrinsic hardness level of the metallic phase rises, i.e. as constraining by the 

surrounding ceramic phases increases. 

 

From the aforementioned data, the flow stress (σflow) for the constrained metallic binder was 

calculated as the intrinsic hardness divided by a constraint factor, reported to be 3 to 4 for 

WC-Co materials [59] and with an additional geometrical correction factor of 0.9 [60]. As a 

result, yield stress for the Co binder was calculated to range between 1.3 and 2.0 GPa. Thus, 

the methodology approach used permits to estimate the effect of constraint of carbides on 

the effective yielding response of the metallic binder, taking into consideration the composite 

nature of the material studied. 
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3.43.43.43.4    Uniaxial compression of micropillars: stressUniaxial compression of micropillars: stressUniaxial compression of micropillars: stressUniaxial compression of micropillars: stress----strain curves and deformation/damage strain curves and deformation/damage strain curves and deformation/damage strain curves and deformation/damage 

mechanismsmechanismsmechanismsmechanisms    

 

Attempting to validate the yield stress values estimated from nanoindentation data, the 

mechanical response of FIB-milled micropillars was investigated. Figure 7 shows stress-strain 

(σ-ε) curves corresponding to loading part of the test of three successfully compressed 

micropillars. The curves are different for each micropillar evidencing the composite nature of 

the material, i.e. plastic deformation is not only due to the response of each phase, but also 

that of the composite as a bulk. In this regard, volume fraction of phases confined in each 

micropillar, crystallographic orientation of WC particles, and distribution of phases affect the 

deformation phenomena developed during compression. Thus, each micropillar can be 

defined as a unique system.  

 

Strain bursts or “pop-ins” are evidenced within a range of values, i.e. from 0.9 GPa to 2.8 GPa, 

indicating that deformation mechanisms are of different nature and are activated as the load 

is increasing. Figure 8 shows pop-in events in their order of occurrence. Those found at lower 

values (around 0.9 GPa) could be associated with yielding of the almost unconstrained binder, 

as reported by Roebuck and Almond for bulk Co-W-C alloys (from 0.4 to 0.8 GPa) [61]. 

However, as highlighted by them, flow stress for the binder alloy is a function of the nature 

and amount of elements dissolved in the binder alloy. Emergence of plasticity signs depicted 

in the range between 1.2 GPa and 2.0 GPa corresponds to flow stress for the Co binder (σflow) 
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found in this study by means of statistical analysis, including implementation of thin film 

model and consideration of substrate effects. They indeed fall within the intermediate gap 

defined by limit values expected for the flow stress of the metallic phase, corresponding to 

completely unconstrained binder in the lower limit (lower than 1 GPa) and to highly 

constrained metallic ligaments in the upper one (above 2 GPa), according to previous 

literature reports [21,34–36]. Furthermore, pop-in events found either within intermediate 

range or above it (i.e. between 2.2 and 2.8 GPa) could be also linked to plastic deformation of 

the WC with the prismatic plane oriented perpendicular with respect to the direction of force, 

as observed by Csánadi et al. [31]. Similar plastic activity within basal-oriented WC particles or 

mixed carbides would not be expected at stress levels below 3.0 – 4.0 GPa.  

 

Although pop-ins events may be located at stress values reported by other authors regarding 

plastic flow of constrained binder, deformation and damage mechanisms of different nature 

take place in each micropillar (see Figure 9), supporting the idea that microstructural aspects 

of each micropillar affect their individual response under uniaxial compression. Nevertheless, 

as micropillars were milled in random sections within the surface of the material, it was not 

possible to determine the order of occurrence unequivocally. Deformation/damage 

mechanisms discerned may be described as: glide and detachment of carbide particles 

(evidenced in all micropillars), plastic flow of less constrained Co binder, cracks running along 

WC/WC and WC/(W,Ti,Ta,Nb)C interfaces, and plastic deformation of both Co metallic phase 

and WC particles - evidenced as slip bands. As referred above, slip bands observed in WC 

phase are attributed to the prismatic orientation of the carbide particle with respect to the 
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direction of the load applied, as pointed out by Csánadi et al. [31]. This slip system can be 

associated with a splitting dislocation in the G101J0K〈1123JJJJ〉 slip system predominant when 

loading prismatic plane of WC [23,24,62–64]. On the other hand, plastic deformation of the Co 

binder can be related to twinning, planar slip and/or phase transformation from fcc to hcp 

[61,65–67]. However, identification of the deformation mechanisms of Co binder would 

require an in-depth transmission electron microscopy (TEM) study, this being out the scope of 

this work.  

 

In order to inspect deformation/damage phenomena that occurred at the bulk level of the 

micropillars, they were sectioned by means of FIB combined with FESEM imaging. Damage 

features were clearly observed in the micropillar that withstand higher strain (P2 in Figure 7). 

As it is evidenced in Figure 10, bulk scenario is similar to the one observed at the surface of 

tested micropillars: glide of carbide particles, slip lines within the Co binder and cracks running 

along carbide/carbide interfaces (WC/WC and WC/(W,Ti,Ta,Nb)C) but close to Co binder 

region and close to the corner of WC grain, i.e. a stress concentrator of strains and/or high 

triaxiality points [68]. On the other hand, no transgranular fracture was observed, as expected 

for a cemented carbide grade with microstructural characteristics as the one investigated here 

[69]. 
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4.4.4.4. ConclusionsConclusionsConclusionsConclusions    

 

Micromechanical properties for the constitutive phases of a WC-Co composite containing a 

solid solution of mixed carbides as third phase, was assessed by combining massive 

nanoindentation testing with statistical analysis. In addition, the yielding response for the 

cemented carbide studied was experimentally determined by means of uniaxial compression 

of micropillars. Based on the results, the following conclusions may be drawn: 

 

1. Statistical analysis of data gathered from nanoindentation is a successful protocol for 

assessment of micromechanical properties of composite materials.  Within this context, small-

scale intrinsic hardness for the constitutive phases of the cemented carbide studied has been 

determined and discriminated regarding chemical nature and crystallographic orientation.  

 

2. Assessment of reliable hardness values of the softer metallic binder requires further 

analysis based on implementation of thin film model and consideration of substrate effects. In 

this regard, it is interesting to highlight that substrate influence is found to decrease as 

effective constraining of the ceramic particles on the metallic phase is higher. 

 

3. Mechanical response and FESEM inspection of uniaxially compressed micropillars have 

experimentally validated constraining effects on the effective flow stress of the metallic 

binder, by physical linking among pop-in events occurring at relatively different stress levels 
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within measured stress-strain curves and deformation/damage micromechanisms taking place 

in the different constitutive phases.  
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Table I. Microstructural parameters of the WC-(W,Ti,Ta,Nb)C-Co composite studied. 

wt.%Co wt.%WC wt.%(W,Ti,Ta,Nb)C dWC (µm) d(W,Ti,Ta,Nb)C (µm) C λCo (µm) 

10.8 72.6 16.6 0.8 ± 0.2 1.2 ± 0.4 0.5 0.4 ± 0.2 
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Table II. Summary of the hardness values for the constitutive phases of WC-(W,Ti,Ta,Nb)C-Co 

composite, as directly determined from the statistical method. 

Phase Hardness (GPa) Standard deviation, σ (GPa) 

WCprismatic 18.8 4.3 

WCbasal 25.1 2.8 

(W,Ti,Ta,Nb)C 31.9 4.3 

Co binder 8.9 0.6 
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Table III. Hardness for “relatively low constrained” Co binder before and after deconvolution 

by thin film model proposed by Korsunsky et al. [57]. Values after deconvolution are 

presented as a function of the substrate hardness. 

Mean individual 

Co binder 

hardness before 

deconvolution 

(GPa) 

Substrate hardness, Hs (GPa) 

18.8 25.1 31.9 

Film (Co binder) hardness after deconvolution, Hf (GPa) 

8.3 4.7 5.0 5.1 

8.5 5.2 5.5 5.7 

8.9 5.7 5.9 6.0 

9.2 6.4 6.5 6.6 
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List of figures 

 

Figure 1. a) FESEM micrograph of the microstructure of the material studied: dark and light 

grey correspond to (W,Ti,Ta,Nb)C and WC particles respectively, whereas metallic phase is 

imaged as black regions binding the carbides; b) and c) EDS maps of distribution for Ti and W 

respectively. 

 

Figure 2. a) Residual nanoindentation imprint in the composite material after performing one 

indentation with a maximum displacement into surface of 2000 nm; and b) average hardness 

for the composite material vs. displacement into surface, obtained by performing 

nanoindentation tests with a fixed displacement into surface of 2000 nm. 

 

Figure 3. Hardness histogram with 500 MPa bin size. The hardness curves were simulated 

using the statistical fitting parameters summarized in Table II: the center of the peaks 

correspond to Hardness values and width of the peaks to standard deviation (σ). Curves are 

overlapped with the statistical method fitting. 

 

Figure 4. EBSD maps of (W,Ti,Ta,Nb)C grains with different crystallographic orientations, 

where the residual imprints of nanoindentation (at 200 nm of maximum displacement into 

surface) are presented confined in (W,Ti,Ta,Nb)C grains. From left to right hand side: Band 

contrast map or quality image (QI), phase and QI maps (showing WC phase in green, and 
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(W,Ti,Ta,Nb)C one in yellow) overlapped and local crystallographic orientation. Pixel size: 300 

nm. 

 

Figure 5. Hardness bands corresponding to the values found by the methodology followed 

and reported in Table 3. Black points represent the eighteen grains of the mixed carbide 

investigated. 

 

Figure 6. FIB-tomography image of a transversal cut of the specimen studied. 

 

Figure 7. Stress-strain (σ-ε) curves plotted from the load-displacement data recorded from the 

uniaxial compression tests of three different micropillars. Strain bursts in all curves evidence 

plastic deformation phenomena occurred during the compression. 

 

Figure 8. Pop-in events detected in the stress-strain compression curves ranked by their 

occurrence order. Blue band represents the range of flow stress for the Co binder (σflow)  

 

Figure 9. FESEM images of the surface of the three micropillars compressed (P1, P2 and P3 

from left to right), evidencing deformation/failure phenomena: (1) plastic flow of the Co 
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binder; (2) plastic deformation of the Co binder; (3) cracks running at WC/(W,Ti,Ta,Nb)C; and 

(4) plastic deformation of WC particles. 

 

Figure 10. FIB-cross section view corresponding to compressed micropillar P2. Glide and 

detachment of a surface-located particle, along carbide/carbide interfaces is observed in the 

left side of the image. Furthermore, cracking phenomenon associated with both 

binder/carbide and carbide/carbide interfaces is identified in the right side (an enlarged view) 

of image. 
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Figure 1. a) FESEM micrograph of the microstructure of the material studied: dark and light 

grey correspond to (W,Ti,Ta,Nb)C and WC particles respectively, whereas metallic phase is 

imaged as black regions binding the carbides; b) and c) EDS maps of distribution for Ti and W 

respectively. 
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Figure 2. a) Residual nanoindentation imprint in the composite material after performing one 

indentation with a maximum displacement into surface of 2000 nm; and b) average hardness 

for the composite material vs. displacement into surface, obtained by performing 

nanoindentation tests with a fixed displacement into surface of 2000 nm. 
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Figure 3. Hardness histogram with 500 MPa bin size. The hardness curves were simulated 

using the statistical fitting parameters summarized in Table II: the center of the peaks 

correspond to Hardness values and width of the peaks to standard deviation (σ). Curves are 

overlapped with the statistical method fitting. 
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Figure 4. EBSD maps of (W,Ti,Ta,Nb)C grains with different crystallographic orientations, 

where the residual imprints of nanoindentation (at 200 nm of maximum displacement into 

surface) are presented confined in (W,Ti,Ta,Nb)C grains. From left to right hand side: Band 

contrast map or quality image (QI), phase and QI maps (showing WC phase in green, and 

(W,Ti,Ta,Nb)C one in yellow) overlapped and local crystallographic orientation. Pixel size: 300 

nm. 
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Figure 5. Hardness bands corresponding to the values found by the methodology followed 

and reported in Table 3. Black points represent the eighteen grains of the mixed carbide 

investigated. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure 6. FIB-tomography image of a transversal cut of the specimen studied. 
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Figure 7. Stress-strain (σ-ε) curves plotted from the load-displacement data recorded from the 

uniaxial compression tests of three different micropillars. Strain bursts in all curves evidence 

plastic deformation phenomena occurred during the compression. 
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Figure 8. Pop-in events detected in the stress-strain compression curves ranked by their 

occurrence order. Blue band represents the range of flow stress for the Co binder (σflow) 

estimated on the basis of statistical analysis of massive nanoindentation data. 
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Figure 9. FESEM images of the surface of the three micropillars compressed (P1, P2 and P3 

from left to right), evidencing deformation/failure phenomena: (1) plastic flow of the Co 

binder; (2) plastic deformation of the Co binder; (3) cracks running at WC/(W,Ti,Ta,Nb)C; and 

(4) plastic deformation of WC particles. 
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Figure 10. FIB-cross section view corresponding to compressed micropillar P2. Glide and 

detachment of a surface-located particle, along carbide/carbide interfaces is observed in the 

left side of the image. Furthermore, cracking phenomenon associated with both 

binder/carbide and carbide/carbide interfaces is identified in the right side (an enlarged view) 

of image. 
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Highlights  

1. Hardness for cubic mixed carbide in a cemented carbide composite is isotropic 

2. Surrounding carbides strongly affect hardness value for the constraint binder  

3. Constraint degree of binder is elevated and affects its flow stress 

4. Flow stress for constrained binder is validated by compression of micropillars 


