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Abstract  

 

Hard phases are important features of wear-resistant materials. Hard metals and most tool steels 

thus consist of a high amount of hard phases, such as carbides and nitrides embedded in a softer 

metallic matrix. The mechanical properties and wear resistance of the system are controlled by 

the mechanical properties of the hard phases and the matrix. Since hard phases are brittle and 

have sizes in the range of microns, mechanical characterization with standard test methods, such 

as the tensile test, is often impossible. Nanoindentation, however, can be used to determine 

important mechanical parameters, such as hardness or Young’s modulus, of brittle phases on a 

small scale. This paper deals with the mechanical characterization of different hard phases (NbC, 

VC, TiC, and WC) using nanoindentation. The measurements reveal significant differences in 

the mechanical properties and deformation behavior of the investigated phases. The deformation 

behavior was investigated using atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analysis for the 

determination of chemical composition. The influence of the matrix on the indentation result of 

small hard phases embedded in a softer metallic matrix was evaluated using finite element 

method (FEM) simulations. These simulations give an insight into the complex deformation 

behavior during indentation of an embedded hard phase. 

 

Introduction 

 

Wear-resistant metallic materials often consist of hard phases (carbides, borides, nitrides) 

embedded in a softer metallic matrix [1]. The softer matrix supports the hard phases and ensures 

that the compound system has an adequate toughness. Due to their particular mechanical 

properties, monocarbides, such as NbC, VC, TiC, and WC are frequently used as reinforcement 

particles in tool steels and hard metals [2]. The wear behavior of these multiphase materials is 

essentially controlled by the mechanical properties, morphology, distribution, and dimensions of 

the hard phases [3]. Mechanical characterization of single phases in multiphase materials is thus 

crucial to understand the mechanical behavior of the compound and its wear resistance.  

 

Mechanical testing, including handling and preparation, is not a trivial task on account of the 

small dimensions, in the order of microns, and the high hardness combined with the relatively 

low fracture toughness. This means that standard test methods, such as the tensile test, cannot be 

applied. In this respect, there is a lack of knowledge about the mechanical properties of hard 



phases and particularly of carbides in tool steels and hard metals. The compound properties of 

these materials are usually characterized, rather than the properties of the individual phases [1]. 

 

One possible method that allows local mechanical characterization of small and brittle phases 

with minimum sample preparation is nanoindentation [1,4,5]. The results of these tests provide 

numerous important mechanical parameters, eg. hardness, Young’s modulus or indentation 

energy. Furthermore, pile-up and sink-in characteristics around residual indentation imprints or 

induced cracks give insight into the complex deformation behavior of hard phases [4,6]. 

However, nanoindentation of small hard phases and the analysis of data are not trivial. Attention 

must be paid to the matrix influence on the indentation results [7]. In contrast to the exploration 

of substrate influence on the indentation results of coatings [8–10], a systematic investigation of 

the influence of the matrix on hard phase indentation is still missing. Size effects that are well-

known from the indentation of metals can also significantly affect indentation results of hard 

phases [11]. 

 

This paper deals with the mechanical characterization of monocarbides in tool steels and in one 

hard metal by nanoindentation. It is shown that nanoindentation is a suitable method for the 

mechanical characterization of small scale, hard and brittle phases. However, attention must be 

paid to size effects and matrix influence on the indentation results. The objective of this study is, 

firstly, the mechanical characterization and measurement of important parameters of NbC, VC, 

TiC, and WC monocarbides, and secondly, the exploration of deformation behavior using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). A detailed insight 

into the mechanical behavior of monocarbides during indentation loading is given. These aspects 

are complemented by numerical and experimental investigations of the influence of the matrix 

on the indentation results from small embedded carbides. 

 

Materials and Methods 

 

Materials and Sample Preparation 

 

The examined materials and phases are the NbC, VC, TiC, and WC monocarbides. NbC, VC, 

and TiC were investigated as features in tool steel matrices, whereas WC was evaluated as part 

of a hard metal. 

 

The sample preparation for nanoindentation and microstructure analysis included grinding with 

SiC paper, followed by successive polishing with diamond suspensions with average grain sizes 

of 6, 3, and 1 µm. Final polishing was performed using an oxide polishing suspension with an 

average grain size of 0.25 µm. 

 

Nanoindentation 

 

Nanoindentation tests were conducted with a CSM Instruments’ Nano-Hardness Tester (CSM 

NHT) indenter equipped with a Berkovich diamond tip. The indentation parameters are given in 

Table I. The maximum indentation depth for NbC, VC, and TiC was 400 nm. In comparison, 

WC shows a distinctly smaller particle size so that the indentation depth was adjusted to a 

maximum of 100 nm. In order to induce cracks, individual tests were conducted with a 



maximum indentation depth (hmax) of 800 nm. The hardness and Young’s modulus were 

calculated using the traditional Oliver and Pharr method [12,13]. In addition, the ratio between 

the elastic energy and the total indentation energy (Wel/Wtot) was determined. At least five load-

displacement curves (P-h curves) were used to calculate the hardness, Young’s modulus, and the 

Wel/Wtot ratio. 

 

Table I. Nanoindentation Test Parameters  

Indentation depth Loading/unloading rate  Dwell time at maximum depth 

100/400/800 nm 50 mN/min 10 s 

 

Atomic Force Microscopy 

 

In order to characterize the deformation behavior, the topography of the indents was measured 

with an atomic force microscope in the contact mode (Bruker type nano). The scanning speed 

was varied between 10 and 40 µm/s. Image Plus 2.9 software was used for data evaluation and 

three-dimensional visualization. 

 

Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analysis 

was used to characterize the microstructure, carbide morphology, residual indents, and chemical 

composition. The indentation of small scale NbC was analyzed with an SEM in-situ indentation 

module from Nanomechanics. 

 

Finite-element Modelling (FEM) 

 

FE calculations were performed using the FE software ABAQUS (version 6.11). The 

axisymmetric 2D FE model is based on prior work [7,14]. The geometry, mesh (detailed view), 

and boundary conditions of the model are shown in Figure 1. The indenter is modeled as an 

axisymmetric conical, rigid tip with an included half-apex angle θ = 70.3°. A conical indenter 

with a half-apex angle of 70.3° leads to the same area-to-depth function as that of a Berkovich 

indenter. Numerous studies have shown that this approach sufficiently captures the response of a 

full-3D model [15–17]. Berkovich tips do not usually have ideal sharpness and show a tip 

rounding in the range of ~ 100 nm, which influences the P-h curve at shallow indentation depths 

[18]. The FE model took account of a typical tip rounding of 80 nm. 

 



 
Figure 1. Schematic illustration of the geometry, mesh (detailed view), and boundary conditions 

of the FE model. 

 

The domain has dimensions of 50 x 50 µm². It consists of a hard phase (NbC) embedded in a 

softer steel matrix. Since most investigated Nb carbides in this study have a blocky morphology, 

it is assumed to be rectangular. The dimensions are given in Figure 1. Simulations were carried 

out under displacement-control in which the indenter is pushed perpendicularly into the material 

with a maximum displacement uy = 100 nm, Figure 1. All other degrees of freedom of the 

indenter are zero. The modeled sample is restricted by symmetry boundary conditions along the 

axis of symmetry and by floating supports along the lower edge. Contact between indenter and 

sample is assumed to be frictionless. Investigations have shown that the effect of friction can be 

neglected for the half-apex angle used in this study [19,20]. The area in close proximity to the 

point of contact is meshed finely with quad CAX3 elements with reduced integration and 

hourglass control. To minimize calculation effort, the fine mesh at the contact region is migrated 

to a coarse one consisting of quad CAX4R elements. The total number of elements is 25,424. 

 

The elastic material behavior was modeled with Young’s modulus E and Poisson’s ratio ν. The J2 

von Mises flow theory was used to model plasticity [21]. The elasto-plastic material behavior of 



the matrix is assumed to follow the Ludwik power law (Equation 1) with isotropic hardening and 

is described by three independent parameters: K, n, and E (Possion’s ratio ν is assumed to be 

equal to 0.3 for the matrix and to be 0.27 for NbC) [5]. The Young’s modulus of the matrix was 

assumed to be 210 GPa with a typical strain hardening exponent n of 0.2 [22,23]. The Young’s 

modulus of NbC was assumed to be 400 GPa with no strain hardening (n = 0) [24]. This leaves 

only parameter K to be used for the FEM simulations. 
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In order to determine the parameter K, the P-h curves of the matrix and a large NbC particle (no 

matrix influence) were determined. The P-h curves were then numerically calculated, and the 

material parameter K was adjusted until an agreement between experiment and simulation was 

achieved. The identified material parameters of the matrix and NbC are listed in Table II. The 

identified material parameters were used to establish the simulation of a compound consisting of 

a small NbC (edge length of 1 µm, see Figure 1) in a soft matrix. The numerical results were 

then compared to the experimental loading curve of a small embedded NbC. 

 

Table II. Identified Material Parameters of the Steel Matrix and NbC for the FE Simulation 

Phase K (MPa) n E (GPa) ν 

Steel matrix 4,250 0.2 210 0.30 

NbC 22,500 0 400 0.27 

 

Results 

 

Figure 2 shows SEM images of the investigated materials. The NbC, VC, and TiC, with different 

morphologies and sizes are features of tool steels. They are embedded in a softer metallic steel 

matrix. The relatively large NbC particles have a blocky and square/triangular shape, whereas 

the large VC particles are spherical and the smaller TiC particles are spherical and curve shaped. 

The smallest investigated hard phase is WC, which is part of the microstructure of a cobalt-based 

hard metal.  

 



 
Figure 2. Metal-monocarbide microstructures; (a) Large blocky NbC in a tool steel matrix, 

(b) Large spherical VC in a tool steel, (c) Spherical and curve shaped TiC in a tool steel, 

(d) Small blocky WC in a hard metal with cobalt binder. 

 

The chemical composition, measured by EDS, is listed in Tables III and IV. Although the 

measurement of carbon is not quantitative, the results illustrate that NbC and WC are relatively 

pure. In contrast, VC dissolves amounts of Fe and other alloying elements and TiC contains 

amounts of Fe, Mo, and Cr. Due to the presence of higher amounts of the elements Mo, Cr, W, 

Fe, and Nb, the VC corresponds more to a MC type, however, in this work it is declared as VC. 

 

Table III. Chemical Composition in wt.% Measured by Energy-dispersive X-ray Spectroscopy 

Analysis. (Measurement of Carbon is not quantitative and is taken as the balance) 

Phase Nb V Ti W C Fe Mo Cr 

NbC 84.4 - - - 13.3 1.1 - 1.2 

VC 3.2 52.4 2.6 7.2 14.5 2.5 13.3 4.3 

TiC - - 74.0 - 18.9 1.6 4.6 0.9 

WC - - - 92.6 7.4 - - - 

 

  



Table IV. Chemical Composition in Atomic % Measured by Energy-dispersive X-ray 

Spectroscopy Analysis. (Measurement of Carbon is not quantitative and is taken as the balance) 

Phase Nb V Ti W C Fe Mo Cr 

NbC 44.3 - - - 53.6 1.0 - 1.2 

VC 1.3 36.3 2.1 1.5 46 1.7 5.3 3.3 

TiC - - 48.2 - 48.9 0.9 1.5 0.6 

WC - - - 45.2 54.8 - - - 

 

Representative P-h curves of the hard phases are given in Figure 3. Due to the small size of the 

WC particles, the maximum indentation depth was set to 100 nm. The curves for all the hard 

phases are similar in shape and show a high amount of elastic recovery during unloading. It is 

known that fracture during indentation testing can cause pop-in events during loading (plateaus 

in the loading curve) [25]. However, the loading curves are smooth and do not show indications 

of brittle cracking.  

 

 

 

Figure 3. Mean P-h curves of the investigated hard phases. 

 

The calculated mechanical parameters of the hard phases are summarized in Table V. The 

indentation hardness of all the carbides is within a similar range between 29.5 GPa and 32 GPa. 

The highest hardness was found for NbC, followed by VC, TiC, and WC. Another important 

mechanical parameter in indentation testing is the elastic energy to total indentation energy ratio 

(Wel/Wtot). The Wel/Wtot ratios for NbC, VC, and TiC are comparable with high values between 50 

and 57%. In contrast, WC shows a distinctly lower ratio of 37%. A comparison of hardness and 

Wel/Wtot ratio is given in Figure 4.  

 

 



Table V. Mechanical Parameters Measured by Nanoindentation. Indentation Hardness Hi was 

Converted to a Vickers Hardness Number (HV) According to DIN EN ISO 14577 (HV = 92.62 ∙
Hi in GPa), Although the Indentation Depth h was <6 µm [26] 

Phase Hi (GPa) HV E (GPa) Wel/Wtot 

NbC 32.0 ± 3.8 2964 ± 352 431 ± 36 54 ± 4 

VC 30.7 ± 2.0 2845 ± 182 423 ± 20 50 ± 3 

TiC 29.7 ± 2.5 2763 ± 227 392 ± 26 57 ± 5 

WC 29.5 ± 3.3 2672 ± 302 675 ± 44 37 ± 3 

 

 

 

Figure 4. Comparison of hardness and Wel/Wtot ratio. 

 

Size effects can significantly influence the indentation results of materials. In the case of self-

similar indenters (eg. Berkovich), the indentation size effect (ISE) leads to an increase in 

measured strength with decreasing indentation depth. The ISE for self-similar indenters is 

characterized by measuring the hardness as a function of indentation depth [27]. Another way to 

detect an increase in strength with decreasing indentation depth is the analysis of the loading 

curvature C (related to Martens hardness). The loading curvature is dependent on the indenter 

geometry and the mechanical properties (strength) of the investigated material. For an ideal self-

similar indenter and a homogeneous material without ISE, the loading curvature is constant and 

is given by Equation 2. In the case of ISE, the loading curvature is a function of indentation 

depth h and increases with decreasing h, which is caused by an increase in strength (Equation 3) 

[14].  

 

P = Ch2     with     C = const.                                                (2) 

P = Ch2     with     C = f(h)                                                  (3) 

 

The parameter C is plotted as a function of indentation depth in Figure 5. It increases with 

decreasing indentation depth h for all hard phases. The phases NbC, TiC, and WC show a similar 

and distinct increase in C. In contrast, the increase is considerably lower for VC.  



 

 
Figure 5. Increase of loading curvature C (related to strength) with decreasing indentation depth. 

 

Figure 6 and Figure 7 illustrate the deformation behavior of NbC, VC, and TiC. The indentation 

imprints in WC are too shallow for an accurate analysis due to the low indentation depth and 

high elastic rebound during unloading. As can be seen in Figure 6(b) and 6(c), the indentation in 

VC and TiC causes fracture, with induced cracks at the edges and corners of the imprint. The 

deformation of TiC also shows the formation of discrete deformation bands. An example is given 

in Figure 6(d). In contrast, these observations were not found for NbC. From Figure 6(a) it is 

evident that there are no cracks or discrete deformation bands. The difference in deformation 

behavior (fracturing) between VC and NbC is also illustrated in Figure 7. 

 



 
Figure 6. Deformation and fracture of; (a) NbC, (b) VC, (c) and (d) TiC. 

 

 

Figure 7. Topographic images of residual indentation imprints in; (a) NbC and (b) VC. 

 

Topographic images of the imprints reveal that all investigated hard phases exhibit slight sink-in 

around the indentation, rather than pile-up. An example, including a height profile across an 

imprint, is given for NbC in Figure 8. 

 



 
 

 

Figure 8. (a) 3D image of an imprint in NbC (hmax = 800 nm) and (b) height profile along path x. 

 

Another factor influencing the indentation results from an embedded hard phase is the 

surrounding matrix. As can easily be recognized in Figure 9, the indentation of small hard phases 

can lead to deformation of both the hard phase and the matrix. Thus, the P-h curve, as well as the 

calculated hardness, Young’s modulus and Wel/Wtot ratio can be significantly affected by the 

matrix. However, indications of an influence of the matrix in a measured P-h curve cannot easily 

be detected.  

 

In order to illustrate the matrix influence, the measured loading parts of the P-h curve for a large 

and a small NbC, as well as the pure matrix are plotted in Figure 10. At low indentation depths, 



the loading curves of a small and a large NbC are in good agreement. At a depth of 

approximately 42 nm, the softer matrix begins to influence the P-h curve for the smaller NbC 

particle by shifting it to lower forces with increasing indentation depth. Lower forces are 

accompanied by a reduction in the measured strength (lower hardness and Wel/Wtot ratio). FEM 

simulations prove that the measured curve for the small NbC particle is significantly influenced 

by the softer matrix. The data points in Figure 10 are the results of FEM simulations that 

illustrate the force shift caused by the matrix influence. Due to the matrix influence, the loading 

curvature C of small NbC particles (rectangular 500 nm x 1000 nm) is reduced by ~ 18% at an 

indentation depth of 100 nm, Figure 11. This clearly shows the underestimation of strength as a 

result of matrix deformation. The von Mises stress distribution of the compound system (small 

NbC and matrix) at the maximum indentation depth (100 nm) clearly reveals matrix deformation 

that influences the P-h curve, Figure 12.  

 

 

Figure 9. Indenter in contact with small NbC embedded in steel matrix. 

 

 

 

Figure 10. Experimental loading curves (solid lines) and results of FEM simulations (points) for 

a large NbC and a small embedded NbC, as well as the pure steel matrix. At indentation depths 

of approximately 42 nm and above, the matrix influences the indentation results from the small 

embedded NbC. 



 

Figure 11. Comparison of loading curvature C of large NbC and small embedded NbC, as well as 

the pure matrix. The matrix influence leads to a reduction of 18% for the small NbC. The 

maximum indentation depth is 100 nm. 

 

 

Figure 12. Numerically calculated von Mises stress distribution in small embedded NbC and the 

surrounding matrix. Deformation takes place in the NbC and in the matrix. 

 

Discussion 

 

The compound wear resistance of multiphase materials is dependent on the microstructure 

(including the single-phase mechanical properties) and the wear system [28]. In order to improve 

the abrasive wear resistance, microstructures often consist of high amounts of hard phases 

embedded in a softer metallic matrix.  

 

  



It has often been shown that hard phases, as features in wear-resistant materials, need to be 

harder than the abrading particles in order to be effective [28]. One important property directly 

related to the abrasive wear resistance of the compound is thus the hardness of the hard phase. 

All investigated hard phases (NbC, TiC, VC, and WC) exhibit a high hardness in the range 

between 29.5 GPa and 32 GPa. Due to their hardness, which is higher than most abrading 

particles/minerals, these carbides are useful as reinforcement particles in wear-resistant 

materials. The highest measured hardness was found for NbC, followed by VC, TiC, and WC.  

 

Variations of chemical composition of the monocarbides can lead to changes in stoichiometry 

and atomic bonding, which can significantly affect the mechanical properties. Hill et al. revealed 

a negative influence of Mo present in TiC [29]. In their investigations, the diffusion of Mo into 

the TiC led to a reduction of the hardness. The TiC and VC investigated in this study also 

contain Mo along with other alloying elements. In contrast, NbC and WC are relatively pure and 

do not dissolve high amounts of alloying elements. Negative influences caused by diffusion of 

alloying elements into NbC and WC can thus be excluded. Furthermore, Cr depletion of a 

corrosion-resistant matrix cannot occur with NbC and WC. 

 

As is well-known from metallic materials, the indentation size effect (ISE) can significantly 

affect indentation results [27]. According to Nix and Gao, the ISE is usually related to the 

density of the geometrically necessary dislocations, which are dependent on material and 

indenter geometry. In the case of self-similar indenters, (eg. Berkovich), the ISE is a size-

dependent increase in measured strength (hardness) with decreasing indentation depth [30]. 

Similar to metallic materials, an ISE was also observed for oxides and carbides [12]. Bull et al. 

related the ISE of ceramics to discrete deformation effects. They concluded that the deformation 

of hard phases takes place in discrete bands rather than being continuous [31,32]. A similar 

behavior can be seen in Figure 6(d). 

 

Figure 5 reveals that all investigated monocarbides exhibit an ISE. It is related to discrete 

deformation effects with a size-dependent increase in measured strength. The ISE becomes 

apparent by an increase in C (loading curvature) with decreasing indentation depth h. The phases 

NbC, TiC, and WC show a similar ISE consisting of a distinct increase in C. In contrast, the ISE 

of VC is considerably lower. The hardness of WC was measured with a maximum indentation 

depth of 100 nm, but with a maximum indentation depth of 400 nm for all the other carbides. As 

Figure 5 clearly illustrates, the ISE in WC is still present at an indentation depth of 100 nm. Due 

to the small particle size of WC, it was not possible to increase the indentation depth without 

causing a significant matrix influence on the measurement, however, it can be expected that the 

hardness of WC measured with an indentation depth of 400 nm would be considerably lower 

than 29.5 GPa (equivalent to 2672 HV). Berns and Franco measured a Vickers hardness number 

for WC (1914 HV 0.05) at a higher indentation depth which is considerably lower [5]. It is thus 

concluded that the hardness of NbC, TiC, and VC is significantly higher than the hardness of 

WC. However, the investigations show that care must be taken when comparing the hardness of 

hard phases measured at different indentation depths. 

 

Another important indentation parameter is the Wel/Wtot ratio. Niederhofer and Huth showed that 

the Wel/Wtot ratio is a potentially useful parameter which can be related to the wear behavior [33]. 

All monocarbides show a high amount of elastic recovery during unloading, which is typical for 



hard phases. The Wel/Wtot ratio of NbC, TiC, and VC is considerably higher (50-57%) compared 

to WC (37%). Based on the investigations of Niederhofer and Huth, it is concluded that a high 

Wel/Wtot ratio might be beneficial for increasing the wear resistance, however, a systematic 

investigation has not yet been conducted. 

 

Along with the hardness and the Wel/Wtot ratio, the fracture toughness has a crucial influence on 

the wear behavior. The deformation and cracking behavior of hard phases during indentation is 

related to the fracture toughness and to the mechanical behavior under wear attack. The 

indentation imprints in NbC feature a homogeneous deformation without fracture and cracking. 

Despite having a high Wel/Wtot ratio, the deformation is relatively ductile. At equal indentation 

depth (800 nm), TiC and VC show cracking. Furthermore, discrete deformation bands are 

observed for TiC, Figure 6. As a consequence, TiC and VC are likely to have lower fracture 

toughness than NbC. Due to the small phase sizes, the cracks (ending at the phase boundary) 

could not be analyzed in order to estimate the fracture toughness with empirical equations. 

Another aspect of the deformation behavior is the slight sink-in tendency around indentation 

imprints. Sink-in is usually observed for metallic materials with a high work-hardening potential, 

but is also related to the Wel/Wtot ratio [34]. It is concluded that the monocarbides do not exhibit 

significant work hardening and the slight sink-in is solely caused by the high elastic deformation 

component. 

 

An important effect on the indentation results of embedded hard phases is exerted by the 

surrounding matrix. FEM simulations illustrate that the indentation of a hard phase can lead to 

the deformation of both the hard phase and the softer matrix, Figure 12. The deformation of a 

softer matrix affects the P-h curve by shifting the loading curve to lower forces. This leads to a 

lower measured hardness. The indentation of a small rectangular NbC particle 

(1000 nm x 500 nm) embedded in a steel matrix leads to a significant matrix influence at a depth 

of 42 nm and above, Figure 11. Measurements at shallow indentation depths may become 

inaccurate due to the ISE, indenter tip rounding, surface roughness, etc. 

 

In summary, NbC, TiC, VC, and WC monocarbides have a high hardness and a high Wel/Wtot 

ratio. Both parameters are considered to be beneficial for improving the wear resistance. Taking 

into consideration the ISE, WC shows the smallest hardness and Wel/Wtot ratio. NbC is likely to 

have the highest toughness (no cracks and deformation bands), although it has the highest 

hardness. Furthermore, NbC is relatively pure and does not dissolve high amounts of alloying 

elements that could exert a negative influence on the mechanical properties or lead to Cr 

depletion of the corrosion-resistant steel matrix. 

 

Conclusions 

 

The main conclusions from this study are: 

 

1. The NbC, TiC, VC, and WC monocarbides have a high hardness and a high Wel/Wtot ratio. 

Both are considered to be beneficial for improving wear resistance. 

 

2. The TiC and VC investigated in this study contain Fe and other alloying elements. In 

contrast, NbC and WC are relatively pure and do not dissolve high amounts of alloying 



elements. Negative influences caused by diffusion of alloying elements into NbC and WC 

can thus be excluded. 

 

3. All investigated hard phases show a distinct ISE that is related to discrete deformation 

effects with a size-dependent increase in measured strength. The ISE leads to a higher 

measured hardness with decreasing indentation depth (Berkovich indenter). Due to the 

small indentation depth of 100 nm, the hardness of WC is higher than values reported in 

the literature [5]. It is concluded that the hardness of NbC, TiC, and VC is significantly 

higher than that of WC at a given indentation depth. 

 

4. The indentation imprints in NbC feature homogeneous deformation without fracture and 

cracking. The Wel/Wtot ratio is high, whereas the deformation is relatively ductile. In 

contrast, TiC and VC exhibit cracking at equal indentation depth (800 nm). Furthermore, 

discrete deformation bands are observed for TiC. As a consequence, TiC and VC are likely 

to have a lower fracture toughness than NbC. 

 

5. FEM simulations illustrate that the indentation of a small hard phase can lead to the 

deformation of both the hard phase and the softer matrix. Deformation of the softer matrix 

affects the P-h curve by shifting the loading curve to lower forces. This leads to a lower 

measured hardness and Young’s modulus. 
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