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Abstract 

Knowledge of wear and associated damage mechanism that is prevalent during abrasive wear conditions 

using NbC-based cermets is lacking. In the current investigation, the abrasive wear response and 

associated damage mechanisms of cermets due to characteristics effect of grit particles such as size and 

hardness have been explored. The present study evaluates the abrasive wear response of NbC-12Ni-

10Mo2C (NbC-Ni) cermet during two-body abrasive wear, which was experimentally simulated by a 

pin abrasion tester following the ASTM G132 standard. The WC-Co cemented carbide (WC-15.6Co) 

with similar hardness was used as a reference material in this study for a comprehensive comparison of 

materials. The investigated test parameters included different applied loads (4-16 N) and abrasive 

particle sizes (22-200 μm) for a 30 m sliding distance at 0.15 m/s sliding velocity. Silicon carbide (SiC) 

and aluminium oxide (Al2O3) were used as abrasive counter bodies. Test results clearly show the particle 

size effect and the critical abrasive particle size (CPS) for the cermet lies between 82 μm and 125 μm 

for both abrasives (SiC, Al2O3). It is noticed that the wear rate shows three different trends as the particle 

size increases, initial increase then a steady state during critical particle size and becomes unpredictable. 

This effect reflects the transition of wear micro-mechanisms dominated from binder removal (below 

CPS) to fracture and fragmentations (beyond CPS). The wear mode transition map from plastic grooving 

to fracture-dominated failure (fragmentation and granular cracks) was created by correlating factors 

such as the severity of contact and specific wear rate with microscopic observations. The wear produced 

by SiC abrasives was about an order of magnitude higher (18x) than with Al2O3 abrasives. In addition, 

the material comparison highlight that the abrasive wear rate of NbC-Ni cermet was about 37-86 % 

(SiC) to 66-83 % (Al2O3) higher than for the WC-Co cemented carbide, despite both cermets having 

similar micro-hardness. In addition, the present study illustrates that the abrasion of cermets is not only 

related to mechanical properties such as hardness and fracture toughness but is inherently related to 

composite chemical properties such as wettability and interfacial strength. This work provides new 

insight into the wear response of NbC-Ni cermets and WC-Co cemented carbides regarding different 

abrasive counterfaces, abrasive particle sizes and transition of abrasive wear mechanisms. 
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1. Introduction 

Cermets are composites consisting of hard ceramic particles (carbides, nitrides and borides) bonded with 

soft metallic binders (cobalt, nickel, molybdenum and iron) [1]. Tungsten carbide-cobalt (WC-Co) is 

the most widely used cermet for cutting tools and wear parts due to its high hardness and fracture 

toughness [1, 2]. However, concerns over economic and environmental issues have prompted research 

into alternative materials [3-5]. Niobium carbide (NbC) has emerged as a promising option, offering 

high hot hardness and lower solubility in steels and cast iron compared to WC [6, 7]. Despite numerous 

studies on the microstructural and mechanical properties of NbC-cermets [8-10], the wear resistance of 

NbC-Ni cermets during tool wear remains largely unexplored. Earlier research on cutting tools suggests 

that abrasion (flank wear), adhesion (built-up edge), diffusion-dissolution (crater wear) and oxidation 

are the main mechanisms contributing to tool wear. Among these, the flank wear due to abrasion is often 

used to determine tool life, as it determines surface finish, residual stress and microstructure changes 

[11]. However, quantifying abrasion on a real scale is challenging, especially since multiple factors 

contribute during the machining (wear) process. Few experimental studies have been standardised to 

assess the abrasion resistance of cemented carbides and cermets on a laboratory scale, where both have 

advantages along with drawbacks [12]. The abrasion mechanism developed on a cutting tool is very 

similar to a closed two-body abrasion [13]. 

Appendix – I highlights the detailed literature on abrasive wear and associated micro-mechanisms of 

various cermets [14-33]. Above all, limited study has shown the abrasive wear behaviour of NbC-based 

cermets, but there was no further explanation of the wear micro-mechanisms [29]. According to the 

literature, the input parameters such as material properties, abrasive particle characteristics and other 

operating conditions are the major governing factors for inducing different micro-wear mechanisms. 

The mechanical properties i.e. hardness, fracture toughness and strength responsible for the abrasion of 

cermets are mainly dependent on the microstructural features such as WC grain size and binder content 

[34]. Additionally, the characteristics of the abrasive particles namely, hardness, size and shape as well 

as the operational parameters including load and sliding speed also affect the abrasion of cemented 

carbides [33]. It has been noted that the abrasive wear mechanism depends on the hardness ratio of the 

abrasive particle (Ha) and tested surface (Hs). Experimental results showed that plastic grooving is 

ensured on a test surface if the hardness ratio (Ha/Hs) is greater than 1.2 for homogenous materials, 

whereas for inhomogeneous materials such as cermets is around 1.5 [30]. Therefore, it is assumed that 

for cermets the abrasion under the condition where Ha/Hs <1.2 is referred to as soft abrasion, contrary 

to hard abrasion when Ha/Hs >1.5 [35].  

Limited studies address the effect of the abrasive particle size on the wear rate of cemented carbide, 

without critical particle size (CPS) considerations [30, 31]. The size effect (of most metals) displayed 

three different trends in wear volume as the abrasive grit size increased, which increase significantly in 

the beginning and changed to a steady state during the critical particle size (about 100 μm in most 

literature) then it becomes independent (steady-state or decreasing or increasing) [33, 36]. Sahariah et 

al. [33] reported the particle size effect on the wear mechanisms transitions of WC-Co-Cr coating and 

concluded that the dominated wear mechanisms shift from fatigue and plastic deformation to fracture 

and fragmentation as the particle size increases and the CPS was noticed around 100 μm. A recent 

study on pin abrasion test for WC-Co showed that the dominant wear mechanism changed from binder 

removal to fracture and fragmentation as the SiC grit size changed from small (21.8 µm) to large 

(125 µm), but the observed particle size effect was not discussed [37]. To overcome this inadequacy, it 

is necessary to assess the abrasive wear rate with different abrasive particle sizes ranging from fine to 

coarse for both WC-cemented carbides and NbC based cermets. 
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The present study aims at investigating the wear of two comparable micro-hardness, WC-cemented 

carbide (reference) and NbC-cermet (test material) from the viewpoint of two-body abrasive wear. 

Besides, the effect of abrasive particle characteristics such as size and hardness on the micro-wear 

mechanisms of hard materials has been explored.  
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2. Experimental 

2.1. Pin abrasion tester (ASTM G132 test rig) 

In this study, a pin abrasion tester was selected to experimentally simulate the two-body abrasion 

according to the ASTM G132 standard (see Fig. 1). The disc containing adhesive grit paper rotates 

against the pin which is mounted on the loading arm moves in the horizontal direction. This results in a 

spiral sliding path and ensures that the specimen is continuously in contact with fresh abrasives 

simultaneously. The coefficient of friction of the test pair was computed based on the tangential force 

measured by the load sensor. The abrasive wear rate (AWR) and specific wear rate (K) of the test sample 

was calculated using Archard’s wear relation; 

AWR = 
𝑉

𝑆
  (mm3/m)    (1) 

 𝐾 =
𝑉

𝑃.𝑆
  (mm3/N-m)    (2) 

where, V = material volume loss calculated from the ratio of mass loss to material density (mm3), S = 

sliding distance (m), and P = normal load (N). 

  

Fig. 1. Schematic (left) and photograph (right) of the pin abrasion tribo-tester. 

2.2. Materials  

The as-sintered NbC-Ni cermet (NbC-12Ni-10Mo2C) and cemented carbide (WC-15.6Co) used as test 

and reference material, respectively, were supplied by the Department of Materials Engineering of KU 

Leuven, Belgium. The comprehensive material preparation and microstructural characteristics of these 

sintered carbides have been reported elsewhere [38]. The WC-Co pins used in this study were purchased 

from Tongda cemented carbide, a commercial supplier based in China. NbC (FSSS1.52 µm, CBMM, 

Brazil), Mo2C (FSSS3.50 µm, Langfeng, China) and Ni (FSSS3-7 µm, Vale, T123TM, UK) powders 

were used to prepare the NbC-Ni cermets. The NbC powder has a total C and O content of 11.2 and 0.17 

wt% respectively. To prepare the NbC matrix cermets, a powder mixture of NbC-12Ni-10Mo2C (vol%) 

was mixed in ethanol using a multi-directional mixer (Turbula, WAB, Switzerland) for 48 hours. The 

milling balls used were WC-6 wt% Co (Ceratizit grade H20C) with a diameter of 10 mm. The dried 

powder was cold isostatically pressed at a pressure of 200 MPa using EPSI equipment. The resulting 

powder compacts were subsequently pressureless sintered in a graphite furnace under vacuum 

conditions (20 Pa) at a heating rate of 5 °C/min. The sintering process lasted for 60 minutes at a 

temperature of 1420 °C. 

The chemical composition and mechanical properties of both materials are given in Table 1. The density 

of the sintered cermets was measured in ethanol by the Archimedes method. The average grain size of 

the carbide grains was measured using the line intercept method on back-scattered electron images, 
without applying a correction factor [39]. The Vickers hardness (HV30), was measured (Model FV-700, 
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Future-Tech Corp., Japan) with an indentation load of 294 N for 15 s at room temperature. The 

Palmqvist indentation fracture toughness (K1C), was calculated based on the length of the radial cracks 
around the Vickers indentations, using the formula proposed by Shetty et al. [40]. The room temperature 

flexural strength was measured in a three-point bending test (Instron 4467, PA, USA) on rectangular 

samples (25x 3x 2 mm), with a span length of 20 mm and a cross-head displacement of 0.1 mm/min. 
The elastic modulus (E) was measured on rectangular bars using the resonance frequency method. The 

resonance frequency was obtained using the impulse excitation technique (Grindo-Sonic, J.W. 

Lemmens N.V., Leuven, Belgium). The reported values for hardness, fracture toughness, and flexural 

strength represent the mean and standard deviation of five measurements. 

Table 1. Properties and composition of the hard materials 

Hard materials Unit WC-Co NbC-Ni  

Composition 
Vol % WC-15.6Co NbC-12Ni-10Mo2C 

wt% WC-9.5Co NbC-13.3Ni-11.2Mo2C 

Density g/cm³ 14.62 ± 0.02 8.06 ± 0.03 

Hardness (HV30) kg/mm2 1383 ± 18 1348 ± 3 

Fracture toughness (K1C) MPa m1/2 10.9 ± 0.6 8.29 ± 0.1 

Flexural strength MPa 2900 ± 100 1568 ± 44 

E-modulus GPa 540 ± 10 440 ± 20 

Poisson ratio - 0.31 ± 0.02 0.25 ± 0.02 

Aver. carbide grain size μm 1.56 ± 0.72 2.14 ± 0.6 

Thermal conductivity [41, 42] W/m-K 29.2 14.2 

Roughness μm 0.1 ± 0.02 0.1 ± 0.02 

2.3. Surface topography and morphology 

The surface topography of the contact surfaces was characterized by Taylor Hobson CCI-HD white light 

interferometer followed by the ISO 13565-2 standard. The test pins (surfaces) used in this study are 

electrical discharge machined (EDM) and ground to an average surface roughness of 0.1 ± 0.02 μm. In 

order to check the microstructure morphology, the following metallography procedure has been utilised. 

The first step involves preparing the mounting, wherein the samples are embedded in PolyFast resin 

using a hot compression press at 180°C for curing times of 5 minutes of heating and 3 minutes of fast 

cooling using ProntoPress-20 (Struers, Denmark). Subsequently, surface grinding is performed with 

caution using a Tegramin-20 grinding machine (Struers, Denmark). The mechanical preparation can be 

divided into two stages, namely grinding and polishing. The appropriate grinding disc and polishing 

cloths were selected based on the polishing guide from Struers, to achieve a mirror-like surface finish. 

Table 2 outlines the metallography procedures and test conditions followed during the grinding and 

polishing of the carbide specimens. 

Table 2 Matalog guide/procedure. 

Procedure Polishing pad Suspension 
Grain 

(µm) 
Load (N) 

Speed 

(rpm) 

Time 

(min) 

Plane grinding MD-Piano 200 Water - 180 300 Until plane 

Fine grinding MD-Allegro 
DP 

suspension 
9 210 150 4 

Polishing 

MD-Dac 
DP 

suspension 
3 180 150 6 

MD-Chem 
OP-S 

suspension 
- 90 150 2 
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The microstructure of the WC-Co and NbC-Ni cermet was characterized through SEM-FEG (JEOL 

JSM-7600F). The integrated EDS-energy dispersive X-ray spectroscopy X-Max (Oxford instruments, 

UK) was used to quantify the elemental analysis and mapping on the hard material surfaces and 

countersurface before and after the test. In Fig. 2a and b, the dark interconnected phase represents the 

metal binder (Co, Ni) whereas the bright contrast skeleton corresponds to the carbide phase (WC, NbC). 

In Fig. 2b, the small residual pores or impurities of oxides, specifically NbCxOy or NbOz, are observed 

as submicron black intergranular spherical spots [10]. The sintered carbide particles typically exhibit a 

faceted shape, but some of the smaller NbC grains appear spherical, and the corners of NbC grains in 

larger grains are slightly rounded. This suggests that the thermodynamic stability of the solid solution 

phase increased with the addition of Mo2C [38]. The Mo2C addition is dissolved in both the carbide and 

binder phases, while the Mo content in the (Nb,Mo)C carbide phase is relatively lower compared to the 

Ni(Mo) binder phase [38]. Fig. 2c and d show the area analysis (30 x 20 μm)  EDS spectra of the various 

elements on the pristine WC and NbC hard materials surface obtained from the EDS mapping.  

 

Fig. 2. Backscattered SEM and EDS spectra of the (a and c) WC-Co and (b and d) NbC-Ni hard 

materials. Note: Carbon (C) value is only qualitative. 

2.4. Experimental testing 

The test sample was a cylindrical pin with a length of 5 mm and a diameter of 8 mm and the contact 

surfaces were machined by EDM (electrical discharge machining) and grounded. The test loads, from 4 

to 16 N, were applied using calibrated dead weights. Two types of FEPA grade abrasive papers (Struers 

GmBH and QATM-Metallography, EU) were used in this operation, namely SiC (α-SiC) and Al2O3 (α 

-Al2O3), with different grit sizes: P800, P180, P120 and P80 with their respective particle sizes of 22 µm, 

82 µm, 125 µm and 200 µm. A total sliding distance of 30 m was imposed at a constant rotation speed 
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(sliding speed) of 0.15 m/s. The tests were performed at room temperature of 24 ± 0.5°C and the relative 

humidity was maintained at about 45-55 % during all the experiments. The tests were performed 

performed in dry abrasive wear conditions and each test was repeated three times to check repeatability. 

The samples were thoroughly cleaned using ultrasonic cleaning in acetone for 10 minutes before and 

after the test. The samples were weighed using an electronic balance with an accuracy of ± 0.1 mg before 

and after the test to obtain the mass lass. 

2.5. Grit particle characterisation 

SEM observation showed the characteristics of the abrasive particles by size and shape to identify 

parameters that influence their abrasivity (see Fig. 3). Despite the similar size, the SiC particles have a 

higher angular shape (sharp edges) than Al2O3 abrasive particles. The shape of the Al2O3 abrasives varied 

from a sharp point to rounded edges as the particle size increased. Literature reported that the particle 

abrasivity is increased as the circularity decreases [43]. The surface height and shape parameters such 

as maximum profile height (Sz) and the circularity index (Fa) of grit particles were analysed through 

KEYENCE optical profilometry (VR-5000, Japan) and tabulated in Table 3. This further justifies the 

aforementioned SEM observation that an increase in particle size increases the circularity of both SiC 

and Al2O3 grits, also the circularity index of Al2O3 was relatively high compared to SiC despite the 

similar particle size. The maximum profile height (Sz) for SiC and Al2O3 abrasives is different since the 

SiC particle shape is sharper (more angular) than the alumina grit which has slightly rounded corners.  

The maximum profile height (Sz) of the grit papers in this study includes the height of the grit particles 

and the transparent resin coating that holds the grits in place. In this case, a transparent resin is used to 

cover the abrasives and secure them to the paper. The difference in the maximum profile height can be 

attributed to the fact that the surface is unfiltered. When measuring the surface, it was not possible to 

clearly distinguish between the resin and the particles, since the resin is transparent. Hence, without 

proper identification of the reference plane, it was not possible to proceed with the normalization of the 

surface. To conclude, the assessed maximum profile height (Sz) encompasses both the particles and the 

transparent resin, which explains the higher values found in comparison to the mean particle size. The 

comprehensive mechanical and thermal properties of SiC and Al2O3 abrasives have been gathered from 

the abrasives supplier and literature [41, 44]. The properties are summarised in Table 4. 

 

Fig. 3. SEM images of pristine SiC (a-d) and Al2O3 (e-h) abrasives with different particle sizes 

from 22 μm to 200 μm. 
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Table 3. Abrasive particle characteristics. 

FEPA 

Grit 

Particle 

size [µm] 

Apex angle  

(2θ) [°] 

Maximum profile 

height (Sz ) (mm) 
Circularity 

SiC Al2O3 SiC Al2O3 

P800 22 90 0.07 0.06 0.32 0.36 

P180 82 111 0.41 0.21 0.41 0.54 

P120 125 117 0.58 0.35 0.44 0.61 

P80 200 125 0.68 0.42 0.49 0.71 

Table 4. Mechanical and thermal properties of the abrasive grit particles. 

Property Unit SiC Al2O3 

Hardness GPa 26.4 ± 2.6 19.5 ± 1.5 

Fracture toughness MPa m1/2 4.3 ± 2.5 3.5 ± 1 

E-modulus GPa 475 400 

Poisson ratio - 0.14 0.23 

Thermal conductivity W/m-K 41 30 

Coefficient of thermal expansion 10-6/°C 5.12 8 

2.6. Contact pressure 

The nominal contact pressure was calculated based on a pin-on-plane configuration to be between 

0.1 MPa and 0.32 MPa. To calculate the real contact pressure on the real area of contact, it is important 

to calculate the number of particles of the grit surface located under the total area of contact. The number 

of particles in real contact 𝑛 is calculated analytically according to Wang et al. using equations (3-5); 

[45] 

𝑛 = (
6𝑁𝑃𝐷−2

𝜋 𝐻𝑡𝑎𝑛2 𝜃
)

1

2
     (3) 

𝑁 =
𝑘𝐴

𝐷2      (4) 

𝐴 = 𝜋𝑅2      (5) 

where 𝑛 is the real number of particles in contact, N is the number of particles in the nominal contact 

area, 𝐷 is the size of the abrasives (μm), 𝑃 is the applied load (N), 𝐴 is the nominal contact area (mm2), 

𝑅 is the pin radius (4 mm), 𝑘 is the constant  0.47 (obtained experimentally in [45] for a range of 

abrasive mesh sizes from 600 to 150) and 𝜃 is the half angle of the apex (°).  

The nominal contact area represents the overall contact area at the macro-scale, encompassing both the 

actual/real contact area (where the abrasive particles make direct contact with the pin) and the non-

contact regions (where there is no contact between the particles and the pin). The apex angle of the 

particles was obtained from a previous study [46]. The apex angle for the different abrasive grits is 

presented in Table 3. Appendix – II shows a detailed table demonstrating the number of particles on 

the nominal contact and real contact area, along with the corresponding calculated contact pressure for 

both WC and NbC cermets. The Hertz contact pressure for different particle sizes for a single grit particle 

is shown in Fig. 4a. The increasing particle size lowers the contact pressure due to the larger contact 

area. This is different than for a contact with multiple asperities where the contact pressure is distributed 

along all the asperities involved in the total contact area. Fig. 4b shows the contact pressure for multiple 

SiC grit particles on WC and NbC surfaces involved in the real area of contact at a load of 16 N. The 
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results show that the multi-asperity contact pressure for the real area of particles in contact is increasing 

as the particle size increases and the trend is logarithmic. It should be noted that the NbC-Ni and WC-

Co materials exhibited a similar contact pressure for all particle sizes, with the NbC-Ni cermet 

generating a slightly higher pressure than the WC-Co. The coefficient of variation, calculated using the 

standard deviation of the elastic modulus and Poisson ratio of cermets and the variation between the 

contact pressures is < 1%. 

 

Fig. 4. Hertz contact pressure for (a) a single abrasive particle and (b) particles in a multi-asperity 

contact. 
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3. Results 

3.1. Wear test result 

3.1.1. WC-15.6Co cemented carbide 

The abrasive wear rate (AWR) of WC-Co is plotted as a function of load and abrasive particle size 

against SiC and Al2O3 abrasives in Fig. 5a-b and Fig. 5c-d. The wear rate shows an increasing trend 

with increasing load and abrasive particle sizes (Fig. 5a-b. It is evident from Fig. 5a, that the regression 

of plots for all four particle sizes (22 µm -200 µm) remained approximately constant. It is clearly noticed 

that the wear rate for SiC particle shows a linear trend respective to the load, whereas the particle size 

produced a logarithmic trend. The measured wear rate using SiC abrasives was substantially higher than 

for Al2O3 abrasives. For example, the abrasive wear rate for fine abrasives (22 µm) was respectively 

68 % (4 N) and 92 % (16 N) lower in the case of Al2O3 abrasives compared to SiC abrasives. For coarse 

particles (200 µm), the wear rate was 92 % (4 N) and 94 % (16 N) lower. Therefore, given the higher 

wear rate produced by SiC compared to Al2O3 grit paper, it is concluded that the abrasive hardness plays 

a major role in the abrasive wear rate. The effect of the abrasive particle size on the abrasive wear rate 

of WC-Co at different loads (4-16 N) for both SiC and Al2O3 abrasives, is shown in Fig. 5c and d. The 

abrasive wear rate increased by an order of magnitude when the particle size increased from 22 to 

200 µm for SiC abrasives. However, the abrasive wear rate observed for Al2O3 abrasives only slightly 

increased with particle size along with a relatively large standard deviation (Fig. 5d). The wear rate for 

both SiC and Al2O3 abrasives increased from 22 µm approximately up to 100 µm and remained constant 

at higher abrasive particle sizes. 

 

Fig. 5. Abrasive wear rate of WC-Co as a function of (a,b) load and (c,d) abrasive particle size for 

SiC (a,c) and Al2O3 (b,d) abrasives. 
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3.1.2. NbC-12Ni-10Mo2C cermet 

The influence of load and SiC and Al2O3 abrasive particles size on the abrasive wear rate of the NbC-

Ni cermet is summarised in Fig. 6a-d. The abrasive wear rate generated by SiC abrasives is an order of 

magnitude higher than that of Al2O3 abrasives, indicating the abrasives hardness effect. Fig. 6a-b show 

a linear increase in abrasive wear rate of NbC-Ni with increasing system load for both abrasive counter 

surfaces (SiC and Al2O3). For SiC abrasives, the wear trend showed three different transitions with 

increasing particle size, i.e. a rapid increase between 22 µm and 82 µm, a steady-state between 82 µm 

and 125 µm, and a gradual increase above 125 µm (Fig. 6c). In contrast, the abrasive wear rate of NbC-

Ni against Al2O3 abrasives showed a significant increase of approximately 125 µm particle size (Fig. 

6d). Despite their similar hardness, NbC-Ni showed an increased abrasive wear rate of 10-38 % (SiC) 

and 1-64 % (Al2O3) compared to WC-Co. This illustrates the fact that similar hardness hard materials 

do not necessarily have similar abrasive wear resistance. Hence, micro-hardness cannot be considered 

as the only relevant characteristic to evaluate the abrasive wear of cemented carbides and cermets. 

 

Fig. 6. Abrasive wear rate of NbC-Ni as a function of (a,b) load and (c,d) abrasive particle size for 

SiC (a,c) and Al2O3 (b,d) abrasives. Note: The error bars for SiC are not visible clearly because the 

coefficient of variation is ≤ 8%. 

3.2. Worn surface characterisation 

3.2.1. WC-15.6Co cemented carbide 

Fig. 7a-h compares the SEM micrographs of WC-Co worn surfaces against SiC and Al2O3 abrasives. 

Surface deformation by plastic grooving increased with increasing particle size for both abrasives. The 

wear micro-mechanism observed with 22 µm SiC abrasives was mainly binder removal accompanied 

by micro-fracture of the carbide grains (inset Fig. 7a). The binder is removed by repeated plastic 
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deformation and micro-grooving mechanisms. At 16N load and 22 µm SiC, the surface shows additional 

damage effects such as WC carbide cracking and grain pull out but the predominant wear mechanism 

remains binder removal. This indicates that the wear mechanism is hardly influenced by the system load 

when the abrasive particle size is small. Relatively, Al2O3 abrasives showed mixed micro-fracture and 

binder depletion as initial wear mechanisms for 22 µm particles (Fig. 7e). The degree of damage 

produced by Al2O3 abrasives is comparatively less as produced by SiC abrasives and the surface grooves 

produced from the abrasive particles are barely visible. Intermediate particle sizes of 82 µm and 125 µm 

show mixed carbide and binder extrusion as the predominant wear mechanism. Additional mechanisms 

such as grain pull out, grain fragmentation and carbide grain debris embedment (inset Fig. 7c shows the 

backscatter electron image) in the grooves were also observed (Fig. 7b and c). The plastic grooves are 

considerably wider and few fragmented carbide grains were present on the groove ridges. On the other 

hand, the Al2O3 abrasives of intermediate size (82-125 µm) show mixed micro-fracture and binder 

depletion wear mechanisms. In addition to the binder depletion, small pits were visible at several 

locations with intergranular facets (Fig. 7f and g). The worn surface with coarse (200 µm) Al2O3 shows 

severely fragmented WC grains. It is clear that the wear mechanism caused by the abrasive particles 

shifts from binder extrusion due to plastic grooving to a fracture dominated mechanism as the particle 

size increases from 22 µm to 200 µm. The overall wear mechanism was found to be fracture and 

fragmentations of WC grains. Moreover, repeated sliding caused a wear debris layer that is gradually 

embedded in the surface groves, as shown in Fig. 7d. WC grain fragmentation was the predominant 

wear mechanism with 200 µm Al2O3  (Fig. 7h). 
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Fig. 7. SEM micrographs of WC-Co samples abraded with (a-d) SiC and (e-h) Al2O3 abrasives. 

The applied loads and corresponding abrasive sizes for each panel are as follows: (a,e) 4 N with 

22 µm; (b,f) 8 N with 82 µm; (c,g) 12 N with 125 µm; and (d,h) 16 N with 200 µm. 

3.2.2. NbC-12Ni-10Mo2C cermet  

An increase in SiC abrasive particle size tends to produce larger grooves on the NbC-Ni surface, which 

is evident from Fig. 8a-d. The worn surface of NbC-Ni against fine SiC abrasives (22 µm) indicates 

binder extrusion followed by micro-ploughing (Fig. 8a). Intermediate SiC sizes of 82 µm and 125 µm 

shifted the wear mechanism from micro-ploughing to fracture and fragmentation. With 200 µm SiC, the 

abrasion marks are wider and dominated by fracture and fragmentation of carbide grains. Furthermore, 

a wear debris layer was formed on the grooves with 200 µm SiC abrasives (Fig. 8d). This debris layer 

is formed due to the mechanical mixing of carbide fragments and subsequent re-embedding into the 

binder. On the other hand, Al2O3 abrasives with a particle size of 22 µm resulted in a depletion of binder 
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phase around the carbide grains and cavity formation indicated the evidence of carbide pull-out (Fig. 

8e). However, the grooves formed by Al2O3 abrasives (Fig. 8e) show a lower degree of penetration than 

SiC abrasives (Fig. 8a). Despite the same load and particle size, it is noticed that the hardness of the 

abrasive particles strongly affects the wear mechanisms. Furthermore, the NbC-Ni surfaces experienced 

micro-cracking and fragmentation as an additional material removal mechanism for 82 µm (Fig. 8f) and 

125 µm (Fig. 8g) Al2O3 abrasives. With 200 µm Al2O3, the damage is caused by micro-fracture and 

grain pull out along with binder removal/extrusion. The results show that the increment in the load 

results in a high degree of plastic grooves which initiates the removal of unsupported carbide grains in 

the NbC-Ni cermet surface.  

 

Fig. 8. SEM micrographs of NbC-Ni samples abraded with (a-d) SiC and (e-h) Al2O3 abrasives. 

The applied loads and corresponding abrasive sizes for each panel are as follows: (a,e) 4 N with 

22 µm; (b,f) 8 N with 82 µm; (c,g) 12 N with 125 µm; and (d,h) 16 N with 200 µm. 
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3.3. 3D surface topography 

The surface roughness (Sa) from 3D surface topography emphasizes the effect of different abrasives 

(SiC, Al2O3) for both WC-Co and NbC cermets, as shown in Fig. 9. The arithmetic mean deviation (Sa) 

slightly changes as a consequence of increasing load, implying the abrasive particle size has a greater 

influence on the Sa roughness. Both hard materials show similar Sa values for the SiC abrasive and the 

trend shows a logarithmic increase with the particle size, confirming the particle size effect. On the 

other hand, the test surface shows relatively low Sa that hardly changes with the grit size for Al2O3 

abrasives. The observed trend with the Al2O3 abrasives is linear. The substantially lower Sa of the Al2O3 

versus SiC grit indicates the hardness effect of the abrasives. 

In addition to the surface roughness, the functional parameters such as peak material volume (Vmp) and 

valley void volume (Vvv) were also calculated from the surface material ratio curve (Appendix - III) 

obtained by the optical interferometry according to the ISO 13565-2 standard. The Vmp is defined as 

the volume of material in the surface peaks at 10 % contact area. The Vvv represents the volume of the 

voids per unit area between 80 and 100 % of the surface material ratio curve. These parameters provide 

quantitative information of wear over time, the possible formation of wear debris during running-in and 

the volume of the deepest valley capable of holding such debris. The average volume Vmp and Vvv of 

the pristine samples before the test are 0.01 ± 0.04 μm3/μm2 and 0.04 ± 0.02 μm3/μm2, respectively. 

The effect of the abrasive particle size on the volume parameters is shown in Fig. 10. For both hard 

materials, an increasing SiC particle size from 22 µm to 200 µm increases the material removal (Fig. 

10a and c). The peak and valley volume in the roughness profile is very shallow for a small SiC size 

but increases with SiC size, separating mild and severe wear damage. In contrast, Al2O3 abrasives 

exhibit a slighter variation in the peak and material valley volume due to the lower Al2O3 hardness.  

The cross-section of the abraded surfaces against different SiC grit sizes is drawn schematically using 

Rv (maximum profile valley depth) and Rsm (mean width of the profile elements), as shown in Fig. 11. 

The grooves due to the 22 µm grit are shallow and homogeneously distributed with smooth edges, while 

the 200 µm abrasive particles induce deep and very wide grooves. Moreover, uneven grooves with 

many protrusions were also observed. The intermediate 82-125 µm grits generated mixed surface 

patterns, the grooves are uniform in most of the cases, but sometimes heterogeneous patterns are also 

observed.  
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Fig. 9. Abrasive particle size vs 3D roughness of WC-Co against (a) SiC (b) Al2O3 and NbC-Ni 

cermet against (c) SiC (d) Al2O3 abrasives (Pristine Sa = 0.1 ± 0.02 μm). 

 

Fig. 10. Peak material (Vmp) and valley void volume (Vvv) of (a) WC-Co - SiC (b) WC-Co - Al2O3 

and (c) NbC-Ni - SiC (d) NbC-Ni - Al2O3 cermet for different abrasive particle sizes. 
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Fig. 11. Schematic cross-section of worn cermets surface as a function of SiC grit size. 

3.4. Abrasive grit surface analysis 

Fig. 12a-d shows SEM micrographs of SiC and Al2O3 counter surfaces after wear testing at different 

particle sizes. The pristine grit paper is shown in Fig. 3. The worn surface micrograph shows that 

different particle sizes experienced different damages. The coarse abrasive particles (200 µm) mainly 

experienced a fracture, attrition and shelling, whereas the finer abrasive particles (22 µm) are subjected 

to clogging and fragmentation. The attrition and fragmentation affect the shape and angularity of the 

abrasive particles. The transferred wear debris from the hard materials surface during abrasion 

covers/attaches to the tip of the abrasive particles (capping) changing the shape of the abrasive particles. 

The capping effect is mainly experienced with coarse particles. The clogging effect predominantly 

occurs with finer abrasives, which are covered with the build-up of wear residue that is extruded and 

pulled out from the surface of the hard material. Table 5 highlights the quantitative data on material 

transfer of both cermets on the worn grit paper for both fine (22 µm) and coarse (200 µm) particles, as 

determined through EDS mapping. The results indicate that the transfer layer exhibits a mixed 

distribution of WC-Co on the grit surfaces, making it difficult to quantitatively determine the dominant 

phase removal (hard phase or binder) in response to fine and coarse abrasives. The presence of wear 

debris on the fine to coarse grit paper is confirmed by the concentrations of tungsten (W) and niobium 

(Nb) on the grit surface, although no clear trend is observed. In contrast, the Al2O3 grit shows minimal 

quantitative confirmation of transfer for tungsten (W), niobium (Nb), cobalt (Co) and nickel (Ni). 

Apart from the microscopic observations, the abrasive grit surfaces before and after the wear test were 

further quantitatively analysed by optical profilometry (Keyence VR-5000) for both fine and coarse-grit 

papers. Fig. 13 shows the result of Sz roughness (maximum profile height) of SiC and Al2O3 abrasive 

papers before and after wear testing against WC-Co at 16 N load. Test results indicate that the maximum 

profile height (Sz) of finer abrasives increased 1.2 and 2.6 times for SiC and Al2O3 abrasives (22 µm) 

after the wear test. The degree of material build-up due to WC-Co wear debris on the surface of Al2O3 

abrasives is 2.2 times higher than for SiC abrasives. On the other hand, the Sz roughness of coarse SiC 

and Al2O3 abrasive paper is 1.5 and 1.2 times reduced after wear testing. The degree of particle 

damage for coarse abrasive particles shows an opposite trend, i.e. the SiC abrasives (1.2x) wear more 

than Al2O3 abrasives. 
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Fig. 12. SEM micrographs of (a and c) SiC and (b and d) Al2O3 grit papers after wear testing at 16 

N load. 

Table 5. EDS analysis of worn grit paper abraded against WC-Co (Magnification = x100, Working 

distance = 8 mm). Note: C and O values mentioned in the table are qualitative. 

SiC grit paper Al2O3 grit paper 

Particl

e size 
22 μm 200 μm 

Particle 

size 
22 μm 200 μm 

Eleme

nts 
Fresh 

After 
Fresh 

After Elemen

ts 
Fresh 

After 
Fresh 

After 

WC NbC WC NbC WC NbC WC NbC 

C 72.2 70.9 71.6 70.7 72 70.8 C 57.9 60.7 58.2 69.4 71 69.1 

Si 9.7 12.3 10.6 4.9 5.8 4.7 Al 5.7 1.2 2.5 0.6 0.8 2.6 

O 17.9 15.3 15.8 24.1 20.8 23.6 O 35.3 36.8 37.8 28.1 26.5 24.6 

W  1.2   1.2  W  0.2   0.1  

Co  0.1     Co  0.1     

Nb   1.6   0.5 Nb   0.2   0.3 

Ni   0.3    Ni       

Mo      0.1 Mo      0.2 

Na 0.2 0.2 0.1 0.3 0.2 0.3 Na 0.9 0.8 1.1 0.9 0.8 1 

              Ca 0.2 0.2 0.2 1 0.8 2.2 

Total 

(wt%) 
100 100 100 100 100 100 

Total 

(wt%)  
100 100 100 100 100 100 
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Fig. 13. Sz maximum profile height variation on fine and coarse abrasives before and after wear 

testing for (a) SiC and (b) Al2O3 paper. 
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4. Discussion 

The relationship between abrasive particle size, hardness, wear rate and wear mechanism is complex 

and interdependent. The abrasive wear mechanism refers to the specific processes and interactions that 

occur when abrasive particles come into contact with a material surface, leading to material removal. 

When the abrasive particle size and hardness increase, the contact surface experiences more severe and 

localized stresses, leading to an increase in the abrasive wear rate. The change in wear rate is 

accompanied by prominent features of the abrasive wear micro-mechanism such as micro-cutting 

(metals) and fragmentation (ceramics). It is important to note that in some cases, the abrasive wear rate 

can also impact the overall wear mechanism. The wear rate determines the rate at which material is 

removed from the surface, which can subsequently affect other wear mechanisms such as surface fatigue 

and oxidation that come into play as the material is exposed to the environment. Therefore, while 

changes in wear mechanisms due to particle size and hardness are significant factors, the wear rate itself 

can also influence the overall wear mechanisms. In this discussion, the effect of changes in the abrasive 

wear rate with increasing load and abrasive particle characteristics such as hardness and size can be 

explained based on the material removal mechanism.  

4.1. Hardness ratio effect 

The tests against SiC abrasives consistently showed higher wear than for Al2O3 abrasives under 

equivalent conditions and significantly less scatter in wear and friction results. The material 

combinations can be ranked in order of increasing wear rate as: WC-Co against Al2O3 (Fig. 5b) < NbC-

Ni cermet against Al2O3 (Fig. 6b) < WC-Co against SiC (Fig. 5a) < NbC-Ni cermet against SiC (Fig. 

6a). This is in line with the experimental evidence of slip-line field theory on the contact between a 

discrete grit particle and a plane surface, predicting that the abrasive grit of any particle shape causes 

plastic scratching on inhomogeneous materials or cermets if the ratio of abrasive and surface hardness 

(Ha/Hs) is greater than 1.5 [30]. This implies that the abrasive grit should have a certain minimum 

hardness to scratch the material surface. In this case, the abrasive to sample surface hardness ratio for 

SiC is 2 and 1.4 for Al2O3 (Table 1 and Table 4). This hardness difference is also reflected in the 

current investigation, where the abrasive wear rate of both hard materials against SiC grit is an order of 

magnitude higher than with Al2O3. The aforementioned hardness ratio effect is further confirmed by the 

worn surface observations of hard materials, where the contact stress produced by Al2O3 abrasives is 

only able to deplete the binder in the hard materials surface at low load (4 N), as shown in Fig. 7e and 

Fig. 8e. On the other hand, SiC abrasives show plastic grooving with a mixture of carbide and binder 

phase removal at a low load (Fig. 7a and Fig. 8a). As the normal load applied on the abrasive particles 

is increased, the binder rich surface starts to deform plastically. The plastic flow or grooving will occur 

in the binder phase (Co, Ni) on the surface of the hard material when the contact pressure reaches a level 

of about three times the uniaxial yield stress. Plastic flow first occurs at the point where the yield 

criterion is first satisfied. On the other hand, the hard carbide phase starts fracturing once it exceeds the 

elastic limit. As soon as the contact pressure between the hard material and grit particle exceeds the 

compressive strength of the grit, the abrasive grits tend to deform, resulting in its fracture/fragmentation 

(Fig. 12) [35]. The subsequent material transfer was clear from the EDS results of the worn surfaces, 

where the Al and Si peaks were observed on the WC-Co and NbC-Ni surfaces (Table 6). 

The self or re-sharpening effect of abrasives during the abrasive grinding process has been discussed in 

the literature [47]. The re-sharpening effect refers to the ability of abrasive particles to maintain sharp 

cutting edges during grinding processes, leading to improved material removal rates and grinding 

efficiency. SiC abrasives are known for their hardness and high friability, allowing them to retain their 

sharpness for extended periods, even under severe grinding conditions [48]. In contrast, Al2O3 particles 

have low friability than SiC, resulting in low affinity to self-sharpen [47, 48]. However, in the specific 

context of the pin abrasion study mentioned, the re-sharpening effect is assumed to be minimal. This 
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assumption is based on the observation that the present study follows a spiral trajectory where the pins 

come into contact with fresh abrasives each time. Since the pins are continuously in contact with fresh 

SiC or Al2O3 particles, the initial sharpness of the abrasives is less likely to degrade significantly. 

Consequently, the observed re-sharpening effect may not be a prominent factor in this particular 

scenario, as the fresh abrasives consistently provide effective cutting efficiency during each grinding 

cycle. 

Table 6. EDS area analysis of WC-Co and NbC-Ni surfaces, worn under different loads and abrasive 

particle characteristics (measured surface area = 240 x180 μm2, standard deviation (σ) = ± 0.7 wt%). 

Note: C and O data included in the table are only qualitative. 

Material Grit 
Load 

(N) 

Particle 

size (μm) 

Surface composition (wt%) 

W Co C O Nb Ni Mo Si Al 

WC-Co 

Pristine - - 85.4 8.7 5.9       

SiC 
4 22 83.8 5.4 8.9 1.9    0.1  

16 200 77.1 8.1 11.8 2.2    0.8  

Al2O3 
4 22 77.3 6.9 9.9 5.1     0.9 

16 200 77.5 7.5 9.9 4.4     0.7 

NbC-

cermet 

Pristine - -   14.0  63.7 13.0 9.3   

SiC 
4 22   16.2 2.4 61.9 9.8 9.3 0.4  

16 200   18.1 3.5 56.4 12.2 9.3 0.5  

Al2O3 
4 22   17.2 4.8 59.8 9.0 8.7  0.4 

16 200   15.2 3.0 59.5 12.4 9.9  0.1 

4.2. Particle size effect 

The increase in the abrasive wear rate with increasing abrasive particle size can be explained by the 

grit/particle size effect. Literature indicates that the clogging and capping effects are contributors to the 

abrasive particle size effect. As experimentally verified by SEM micrographs of the grit papers (Fig. 

12), the wear damage of grit particles can be attributed to capping (covering of the abrasives with wear 

debris), clogging (accumulation of debris particles formed between spaces of abrasive particles), fracture 

and fragmentation [33, 35]. However, the above effects are minimum contributors in this study as the 

test follows the spiral trajectory where the test pins are in contact with the fresh abrasives every time. 

As mentioned in the literature, several explanations have been found for the size effect observed in 

abrasive wear, where the wear rate remains independent of particle size after reaching the critical particle 

size (CPS). However, in most cases, the wear rate remains constant after the particle size of 100 μm 

(commonly referred to as CPS). As explained by Mishra and Finne [49], despite numerous previous 

explanations, the formation of a deformation-hardened surface layer or a thin surface debris layer in the 

near-surface region is the primary contributing factor to the size effect. This surface layer is commonly 

referred to as a mechanically mixed layer in the case of cermets, as clearly explained in [50]. In the 

present study, a similar surface effect was observed, where the fragmentation of abrasives produced 

wear debris that became embedded in the binder and formed a mechanically mixed surface layer as 

abrasive wear progressed. This phenomenon is clearly shown in Figs. 7c-d and 8c-d. The presence of 

this thin surface work-hardening layer near the surface increases the flow stress, leading to a reduced 

abrasive wear rate. However, this effect is more pronounced when abrasion occurs with coarse-grade 

abrasives, such as 125 and 200 μm particle sizes. This is observed beyond the critical particle size of 
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100 μm, as indicated in several literature and confirmed in the present study. These findings confirm 

that the mechanically mixed layer is more prominent when the abrasive grit size is large (coarse grit), 

while smaller particles (fine grit) predominantly contribute to binder phase removal and micro-cracking 

mechanisms.  

Based on the wear test results, it can be observed that the load has minimal influence when using small 

abrasive grits (fine grits). However, an increase in particle size and load significantly contributes to 

changes in the abrasive wear rate for coarse abrasives. When the load is low (4 N) and the abrasive size 

is fine (22 µm), the main wear mechanisms involve binder extrusion and micro-fracture of carbide grains 

due to repeated contact fatigue (Fig. 7 and Fig. 8). When the load is increased to 16 N with the same 

abrasive grit, the wear rate slightly increased and dominant wear mechanism remains the same. This is 

because the higher packing density of finer grits indicates an increased number of particles in contact, 

which reduces the overall contact pressure as a result wear rate does not change significantly [51]. 

Conversely, with an intermediate particle size (82 µm), both NbC-Ni and WC-Co exhibit comparable 

abrasive wear rates as the load increases (Fig. 5 and Fig. 6). The observed wear mechanisms in this case 

are a combination of micro-fracture with micro grooving and material removal mechanisms (Fig. 7 and 

Fig. 8). For a grit particle size of 125 µm (medium grit), the dominant wear mechanism is grooving 

wear, followed by carbide cracking and fragmentation. However, the wear rate slightly decreases when 

the particle size changes from 82 µm to 125 µm. This effect is related to the specific cutting energy of 

the abrasive particles, which decreases as the particle reaches the critical depth of cut on the surface of 

the abrading materials, potentially leading to a transition in the wear mechanism. According to [49], the 

specific cutting energy decreased or remains steady as the particle size is increased above approximately 

100 µm (critical depth of cut of 12 µm), which is considered the critical particle size (CPS). For a grit 

size of 200 µm, the wear mechanism remains the same, with extensive carbide cracking and 

fragmentation dominating the surface (Fig. 5 and Fig. 6). However, increasing the load results in an 

increased abrasive wear rate. It's worth noting that, besides the hard material test surface, the 

countersurface (grit paper) also experiences fracture damage, accompanied by attrition/fracture and 

shelling (Fig. 12c and d). 

The volume parameters of the material ratio curve (Appendix - III) provide an estimate of the mild and 

severe wear transition of the hard materials (Fig. 10). For small grit sizes (22 µm), the ratio between the 

Vmp and Vvv indicates mild wear phenomena where the surface patterns are uniform and homogeneous 

(Fig. 11). However, the void volume increased significantly as the grit size increases (82 µm), resulting 

in a higher groove depth due to the removal of binder and carbide grains. Coarse abrasives (125-200 µm) 

exhibit high void volume, indicating severe wear with uneven and heterogeneous surface patterns. The 

Sa roughness displayed a logarithmic trend with increasing particle size (Fig. 9a-b). This trend can be 

attributed to the formation of a mechanically mixed surface layer (MML) or surface hardening layer 

near the cermets surface (Fig. 7c-d and Fig. 8c-d). The MML is formed due to the fragmentation of 

carbide grains and embedding, which increases flow stress and reduces the wear rate when in contact 

with coarse abrasive particles [50]. As a result, the surface roughness is decreased. In contrast, Al2O3 

abrasives have a lower volumetric wear rate (Vmp and Vvv) on cermets, indicating mild wear phenomena. 

However, the roughness shows an increasing trend as the particle size increases. It is worth noting that 

the roughness of Al2O3 abrasives is significantly lower compared to SiC. There is no clear trend observed 

in roughness for WC-Co, with only a slight increment for NbC-Ni cermets against Al2O3 abrasives. This 

is likely due to the relatively low hardness ratio (1.4) between Al2O3 abrasives and cermets, which 

effectively prevents the cermets from penetration and grooving wear at low loads. The lower contact 

pressure generated by Al2O3 abrasives is apparently not sufficient enough to produce MML or surface 

hardening layer on the cermet surface. However, increased stress (load) leads to higher specific cutting 

energy on the abrasives, causing grain fragmentation and larger grooves on the cermets (as shown in 
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Fig. 7h), thereby increasing roughness. Additionally, due to this smaller hardness ratio, the increasing 

stress also causes fracture of the Al2O3 abrasive itself (Fig. 12d).  

4.3. Wear micro-mechanism comparison 

Fig. 14 shows the worn surface comparison for WC-Co and NbC-Ni against small and large SiC particle 

sizes. The comparison shows that both hard materials have undergone different wear mechanisms. The 

WC-Co surface was exposed to partial removal of carbide grains due to carbide cracking and subsequent 

carbide pull-out against smaller abrasive particles, as shown in Fig. 14a. In contrast, NbC-Ni 

predominantly experienced binder depletion which undermines the NbC carbide grains. This effect 

exposes the worn surface by revealing the skeletal structure of the unsupported carbide grains (Fig. 14c). 

The remaining unsupported carbide grains were further wiped off as the sliding continues. The amount 

of binder removal from NbC-Ni cermet is comparatively higher than for WC-Co. To illustrate the 

abrasion mechanisms, Fig. 15 provides schematics. In the case of WC-Co, the surface mainly 

experienced carbide fracture with transgranular cracks and grain pull-out. In contrast, NbC-Ni suffers 

from carbide pull-out as a result of binder depletion. It should be noted that in cermets, the wear of the 

binder plays a crucial role in maintaining the structural integrity of the composite. Specifically, the 

binder hardness is a determining factor in its durability. The enhanced wear-resistance of the binder 

matrix improves the protection of the carbide particles by slowing down the risk of discrete removal of 

material such as extrusion, pull-out or cracking. In this study, both cermets exhibited binder extrusion 

when the surface is abraded, however, the binder extrusion on the WC-Co surface was delayed compared 

to the NbC-Ni. This is attributed to the mechanical and chemical (interfacial) characteristics of the binder 

[52]. The micro-hardness of the Co binder is superior to that of the Ni binder. The higher stacking fault 

energy resulting in high deformation and moderate work hardening could be the possible reasons for the 

lower hardness of the Ni binder [34]. This effect increases the binder removal for NbC-Ni, resulting in 

a higher abrasive wear rate. 
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Fig. 14. Wear mechanisms comparison for (a) WC-Co against 22 µm, (b) WC-Co against 200 µm 

(c) NbC-Ni cermet against 22 µm and (d) NbC-Ni cermet against 200 µm SiC abrasive particles. 

 

Fig. 15. Schematic wear mechanisms of (a) WC-Co and (b) NbC-Ni. 

The presence of deep grooves and scratches on the samples indicates the abrasive action of highly loaded 

grit particles, leading to the removal of both the carbide and binder phases and significant fracture and 

fragmentation of WC/NbC carbide grains. However, it remains uncertain whether the removal of carbide 

and binder is a crucial precursor to carbide grain fracture [12]. Although some small fragments have 

been eliminated from the wear surface, others persist within the material structure, possibly due to their 
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re-embedment during continues sliding [12, 53]. Furthermore, SEM cross-section images (Fig. 16) 

provide evidence of both transgranular cracks extended approximately up to 10 μm beneath the surface 

of both NbC-Ni and WC-Co against SiC abrasives. NbC-Ni shows evidence of transgranular and 

intergranular cracks on the subsurface, whereas WC-Co shows only evidence of transgranular cracks. 

The intergranular cracks mainly occur in NbC-Ni due to the relatively lower wettability of NbC in the 

Ni matrix [34]. Besides the distribution of NbC in Ni is not homogeneous which generally creates Ni 

binder pools or lakes [54]. Therefore, the energy needed to break the bonding between NbC-Ni is 

comparatively lower than for WC-Co. On the other hand, the Al2O3 abrasives do not cause any 

subsurface damage on NbC-Ni and WC-Co due to their low abrasive hardness effect, as discussed earlier 

in this section. 

Shipway [39] reported that the discrete removal of reinforced material can be delayed by using ductile 

reinforced materials and promoting strong adhesion between phases. In the present work, the adhesion 

between the NbC and Ni phases and the micro-hardness of the NbC-Ni composites is improved by Mo2C 

alloying, as it provides solid solution strengthening [38]. However, the complete removal of binder 

induces a noticeable crater in NbC-Ni cermets in contrast to the WC-Co cermets during SiC abrasion. 

The formation of a crater confirms the significant removal or pull-out of carbide grains in NbC-based 

cermets, while WC-based cermets exhibit larger intragranular (transgranular) carbide cracks when 

abrading against hard abrasives. Therefore, the proposed compositions were not hard enough to hold the 

surface against abrasion as it has lower wettability and moderate interfacial strength between carbide 

and binder compared to WC-Co [10, 55]. This can be attributed to the absence of an interconnected 

structure between Ni in the NbC cermet, in contrast to the WC-Co composite, as reported in [10]. Thus, 

it can be concluded that the interfacial strength between the binder and carbide is an additional important 

phenomenon for having different wear-micro mechanisms. If the hardness and strength between the 

binder and carbides are weak, it is expected to dominate grain pull-out micro-mechanisms. 

 

Fig. 16. Cross-section SEM of (a) WC-Co against SiC, (b) WC-Co against Al2O3 (c) NbC-Ni 

cermet against SiC and (d) NbC-Ni cermet against Al2O3 abrasive particles. 
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4.4. Wear debris analysis 

The impact of wear debris on abrasive wear rates and wear mechanisms is influenced by several factors, 

including debris characteristics (such as size, shape, and hardness), surface properties of the contacting 

materials, applied load and specific wear conditions. During the pin abrasion test, where the specimen 

is continuously in contact with fresh abrasives, various phenomena indicate the influence of wear debris 

from abrasive grits on the wear rate and wear micro-mechanisms. One significant effect is that the 

generated wear debris acts as a third body within the contact region between the pin and abrasive grit 

surfaces [35, 56]. This presence of debris leads to the formation of surface micro-pits and alters the 

grooving trajectory, as evident from the worn surface morphology of the cermets (refer to Fig. 17). 

Furthermore, in some cases, the wear debris becomes embedded in the contacting surfaces, both in the 

pins and abrasive grits. This embedded debris act as inclusions, inducing local stresses that accelerate 

wear rates and cause changes in wear mechanisms [57]. However, there are also instances where the 

trapped wear debris on the cermets can serve as stress distributors between the contacting bodies. This 

stress distribution delays the wear of the contact bodies against each other, resulting in a reduced wear 

rate. However, it is important to note that the wear debris generated from the cermets surface can have 

negative effects on the abrasive grits, such as capping and clogging, which reduce cutting efficiency and 

contact pressure of abrasives [56]. In this particular case, these effects are minimized since the pins are 

always in contact with fresh abrasives. Moreover, fine wear debris formed as a mechanically mixed 

surface layer (MML) can act as a smooth hardening layer, increasing the flow stress and minimizing 

material removal [50]. Over time, the wear debris layer generally oxidizes when exposed to the 

surrounding air (tribo-oxidation), further contributing to a reduction in wear [57]. In conclusion, the 

presence of wear debris in the pin abrasion test can significantly affect wear rates and wear mechanisms. 

The specific influence of wear debris depends on its characteristics and interactions with the contacting 

surfaces, leading to either accelerated or reduced wear rates and changes in wear mechanisms. 

 

Fig. 17. (a) SEM micrographs of embedded SiC wear debris (b) EDS map confirms the presence of Si 

on the worn surface (Condition: WC-Co against SiC abrasive at 16 N load and 125 μm abrasive size). 

4.5. Surface temperature and oxidation analysis 

In addition to the mechanical wear, oxidation of wear debris also played a critical role in changing the 

friction and wear of hardmetals. During continuous sliding, some of the wear debris produced by fracture 

and fragmentation of carbide particles are getting wiped away, while some left on the wear surface 

experience oxidation due to frictional heating. It has been explained earlier [58, 59], that the 

fragmentation, oxidation, agglomeration and subsequent compaction of wear debris result in the 

formation of a tribo-oxidative layer in the wear track. The tribo-oxidation increases by increasing the 

sliding velocity and it subsequently reduces the abrasive wear rate and friction coefficient [58]. To assess 

the effect of abrasive particle size on frictional heating, the surface temperature was estimated 

theoretically according to equation (6) [59, 60], 

∆𝑇 =  
𝜇𝑃𝑣

4𝑎(𝐾𝑎+𝐾𝑠)
    (6) 
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where, 𝑎 = (
𝑃

𝜋𝐻𝑠
)

0.5
 

𝜇 is the friction coefficient (see Appendix - IV), 𝑃 is the system load (N), 𝑣 is the sliding velocity (m/s), 

𝐾𝑎 and 𝐾𝑠 are the thermal conductivity (W/m-K) of abrasives [Table 4] and surfaces [Table 1] and 𝑎 is 

the contact radius of the real area of contact (m), 𝐻𝑠 is the surface hardness (kg/mm2) of the material. 

The surface flash temperature is mainly influenced by the thermal properties of the contacting surfaces 

and the oxide film, the actual area of contact and heat loss caused by conduction and convection. The 

increase in surface flash temperature of both WC-Co and NbC-Ni cermet as the load and particle size is 

increased, as shown in Fig. 18. The higher surface temperature observed in the NbC-Ni cermet compared 

to the WC-Co cermet can be attributed to several factors related to the thermal properties of these 

materials and their respective counter-surfaces. These factors include the presence of oxide films and 

heat loss through conduction and convection mechanisms [59]. While the thermal conductivity of the 

Co (cobalt) binder is slightly lower than that of Ni (nickel) [61], the high thermal conductivity of WC 

enables the WC-Co cermet to efficiently dissipate heat and prevent excessive temperature build-up. In 

contrast, the NbC-Ni cermet exhibits lower thermal conductivity (see Table 1), resulting in less effective 

heat dissipation and higher surface temperatures. Further studies are required to clearly understand the 

primary reason for the surface temperature rise and its relationship to thermal properties. Additionally, 

the lower coefficient of thermal expansion of SiC (Table 4) results in a greater disparity in thermal 

expansion between the cermet and SiC, leading to uneven temperature distribution compared to Al2O3 

abrasives. This non-uniform heating can cause localized high temperatures at the contact points between 

the abrasive particles and the cermet surface. As a consequence, such temperature spikes may lead to an 

increased flash temperature rise. To gain a comprehensive understanding of these effects and their 

implications, more research is needed in this direction. 

 

Fig. 18. A calculated surface temperature rise of WC-Co against (a) SiC and (c) Al2O3 abrasives 

and NbC against (b) SiC and (d) Al2O3 abrasives. 
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Furthermore, EDS spectra confirmed the presence of an oxide film on worn surfaces, as shown in Table 

5. The results clearly show that the increase in load and particle size leads to a high surface temperature, 

which further results in an increase in the amount of oxygen on the wear track due to oxidation. The 

surface oxidation experienced on the worn surface for NbC-Ni cermet appears to be greater than the 

WC-Co, due to the higher surface temperature during frictional heating. Two potential factors contribute 

to oxidation during abrasion testing. The first factor is oxidation caused by the thermal effect, which 

occurs as a result of the increase in surface flash temperature due to friction between the cermet surface 

and abrasive grit particles [62]. The second factor is surface oxidation caused by the mechanical effect, 

which arises from surface damage and wear between the contacting bodies. This mechanical effect 

generates fragmented wear debris on the surface that rapidly oxidizes and forms a mild oxidative wear 

regime when exposed to the surrounding air [59, 63]. Both of these effects can occur simultaneously 

during abrasion, making it difficult to validate them solely through experimental studies. In our study, 

we aimed to theoretically calculate the surface flash temperature. Our calculations indicate that the 

surface temperature rises during abrasion, considering both the thermal and experimental factors of 

cermets and abrasives. Although the estimated surface temperature is comparatively lower than the 

required temperature for surface oxidation, the surface is covered with an oxidation layer that can be 

noticed from the experimental EDS mapping. Therefore, surface oxidation results from the combination 

of mechanical and thermal effects of wear debris.  

It has been previously pointed out that covering worn surfaces with tribo-oxides plays a vital role in 

reducing the friction and abrasive wear rate of WC-12Co coating [59]. The formation of tribo-oxides in 

the wear track helps to reduce the real area of contact, concomitantly decreasing the friction coefficient 

[59]. The present study showed a similar oxidation effect on the wear track that is confirmed by 

backscatter electron images, as shown in Fig. 14b. The tribo-oxides appear larger on the worn surface 

only at a high load (16 N) and large abrasive particles (200 µm). This is probably because of the 

increased amount of wear debris due to grain fracture and fragmentation caused by the above condition, 

supported by the surface flash temperature rise. At a lower load (4 N) and fine particle size (22 µm), 

very mild oxidation prevails and the oxidative layer is relatively penetrable, which is further removed 

by plastic shearing. The tribo-oxidation formation in the wear track is dynamic, involving formation, 

removal and again reformation, referred to as ‘oxidation-scrape-re-oxidation’ [64]. For highly loaded 

(16 N) SiC abrasives with relatively larger particle sizes (200 µm), the oxide layer formation is 

interrupted by plastic indentation of abrasives and delaminating cracking of carbide grains, resulting in 

direct contact between the asperities. 

4.6. Abrasive wear transition and severity of contact 

It is evident that in brittle solids, the abrasive wear rate due to a fracture-dominated mechanism was 

almost an order of magnitude greater than the material removal by plastic deformation [65]. Possible 

factors such as the effect of abrasive particles (increasing the depth and sharpness of the indentation) 

and a decrease in the fracture toughness-to-hardness ratio of the hard material are likely to affect the 

wear transition mechanism from plastic deformation to fracture. Many researchers have proposed a 

concept for the wear transition of brittle materials from plastic deformation to fracture. Lawn et al. 

proposed that fracture mainly occurs when the indentation depth surpasses the critical indentation size 

and is proportional to the ratio (𝐻2/𝜏𝐸), where, 𝐻 = hardness (HV), 𝜏 = fracture surface energy (N/m) 

and 𝐸 = Young’s modulus (GPa) of the material. Likewise, the ratio of (𝐾1𝐶
2 /𝐻3) is used in brittle 

materials to predict resistance to cracking as proposed in [66], where 𝐾1𝐶  is the fracture toughness of 

the material. Hutchings applied the Lawn et al. concept for the transition of abrasive wear from plastic 

flow to Hertzian fracture of brittle surfaces by calculating the threshold particle size of the abrasive 

counterface. The threshold particle size (𝑑𝑇𝐻) was calculated according to the relation [66]; 
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𝑑𝑇𝐻 =
𝐾1𝐶𝑠

2 .𝐸𝑠 

𝐻𝑠
3       (7) 

Where 𝐾𝐼𝐶𝑠, 𝐸𝑠 and 𝐻𝑠 are fracture toughness, elastic modulus and hardness of the hard materials. The 

results are consistent with the current experimental evidence that fracture occurs earlier for NbC-Ni 

compared to WC-Co. The calculated threshold particle size for both WC-Co and NbC-Ni to initiate 

fracture-dominated failure is 26 µm and 13 µm, respectively. This research work only discusses the 

transition of cermets from ductile to brittle deformation and does not include the brittleness of abrasive 

particles. It is important to note that estimating the brittleness of abrasive particles is a complex task that 

involves considering multiple factors. These factors include particle characteristics, intrinsic K1C values, 

the presence of internal defects and the adhesive resins used in sand particle abrasion. Considering all 

these factors is essential for accurately estimating the brittleness of abrasive particles and optimizing 

their performance in various applications. 

The severity of contact (SoC) has been developed by many researchers to predict the particle motion 

and transition from mild to severe wear mode of ceramics [67-69]. The SoC during abrasive wear is 

influenced by load, abrasive particle characteristics (size, shape and hardness) and material properties 

(hardness and fracture toughness). Thakare et al. [68] compared the effect of changes in particle size on 

abrasive wear rate using the modified SoC as proposed by Adachi et al. [69]. The author additionally 

includes the brittleness factor to check the wear mode transition from ductile to brittle. Similarly, 

Vashishtha et al. have revised the severity of contact for a pin abrasion tester by incorporating additional 

parameters such as the ratio of the size of the abrasive particles to the carbide grain size and hardness, 

the fracture toughness of the abrasives and surface [59]. However, they did not take into account the 

shape factor or circularity of abrasive particles that affect the severity of contact during abrasive wear. 

The circularity or roundness factor of abrasives is considered a crucial factor that directly impacts the 

cutting efficiency and severity of abrasive particles [35]. However, it is essential to recognize that 

abrasion removal mechanisms depend on multiple factors, including the material and abrasive 

properties, contact conditions, and wear rate, rather than solely relying on particle circularity. Factors 

such as system load and the spacing ratio between indentation forces and frictional forces can influence 

surface damage due to circularity [70]. Reports suggest that sharp abrasive particles cause abrasive 

damage through indentation wear, rather than grooving wear [71]. Our previous study [55] found that 

cermets did not exhibit significant changes in the abrasion rate as the roundness factor increased. 

However, it is observed that rounded or near-spherical abrasives exhibited grooving wear, leading to 

increased binder removal and pull-out, while angular abrasives broke and embedded into the surface of 

the cermets. In this study, we assume a direct proportionality between circularity and abrasive wear due 

to the material removal caused by grooving wear. By incorporating the roundness factor with other wear 

parameters, we can achieve a more precise quantification of the severity of wear caused by abrasion, 

considering the shape characteristics of the abrasive particles and their influence on the material removal 

process. Hence, this paper modified the relationship of contact severity expressed in Vashishtha et al. 

by additionally incorporating the circularity index (Fa) [70]. Therefore, the severity of contact for the 

pin on abrasive grit paper is expressed as;  

𝑆𝑜𝐶 = (
𝑃

𝐴𝑤𝑠
) (

𝐻𝑎

𝐻𝑠
) (

𝐾1𝐶𝑎

𝐾1𝐶𝑠
) (

𝐷𝑎

𝐷𝑠
) (𝐹𝑎)     (8) 

where 𝑃 is the applied load (N), 𝐴𝑤𝑠 is the wear scar area (mm), 𝐻𝑎 and 𝐻𝑠 are the abrasive and surface 

hardness (kg/mm2), 𝐾1𝐶𝑎 and 𝐾1𝐶𝑠 are the fracture toughness of abrasives and surfaces (MPa.m1/2), 𝐷𝑎 

and 𝐷𝑠 are the abrasive particle and carbide grain sizes (µm) and 𝐹𝑎 is the circularity of the abrasives 

[Table 3]. 

The calculated SoC for WC-Co and NbC-Ni cermet was plotted against the specific wear rate (SWR) in 

Fig. 19. The specific wear rate increases with an increase in the severity of contact. The severity of 
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contact does not only change the abrasive wear rate but also affects the observed mechanism. However, 

the results show that the overall wear rates and the mechanisms obtained are likely to be controlled by 

the microstructural characteristics of the material to fracture of WC and NbC grains under increased 

indentation loading. Moreover, the severity of contact is also influenced by the hardness of the abrasives 

used. As observed, the SoC of NbC-Ni cermet and WC-Co showed a lower value when tested against 

Al2O3 than SiC abrasives. Despite the equal testing conditions, WC-Co with a relatively higher fracture 

toughness showed lower specific wear rates than the NbC-Ni cermet. In Fig. 19, the horizontal dashed 

lines indicate the transition from plastic grooving to fracture for NbC-Ni and WC-Co, where the fracture 

occurs earlier for NbC-Ni than for WC-Co. The change in failure of WC-Co by plastic grooving to 

fracture occurs due to a decrease in fracture toughness [59]. Moreover, the abrasive wear produced by 

Al2O3 abrasives for both NbC-Ni (●) and WC-Co (▲) shows that the observed wear rate within the 

plastic deformation limit is substantially lower compared to the SiC abrasives, as shown in Fig. 19. This 

result further confirmed the effect of the abrasive hardness on the abrasive wear rate and wear 

mechanism of cemented carbides and ceramics. For SiC abrasives, a particle size below 82 µm resulted 

in strongly dominated plastic grooving wear, but this changed to fracture-dominated failure when the 

particle size increased. The abrasive wear mechanisms corresponding to the predominated failure mode, 

as observed from worn surface examination, are shown in the diagram using vertical dotted lines. Zone 

I indicates a failure mode dominated by ductile mechanism, where the surfaces experienced plastic 

deformation, extrusion/removal of binder due to plastic grooving and micro-fracture. The surfaces 

experienced a brittle mechanism such as extensive cracking, fracture and grain fragmentation dominated 

failure in Zone III. In the transition area, marked as Zone II, the surfaces showed both micro-grooving 

and fracture failure modes. 

 

Fig. 19. The specific wear rate of NbC-Ni and WC-Co vs. severity contact. 
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Conclusions 

The closed two-body abrasion behaviour of WC-Co and NbC-Ni hard materials against SiC and Al2O3 

abrasives at different loads (4-16 N) and abrasive particle sizes (22-200 µm) was assessed. The test 

results highlight the following: 

 Multiphase materials, such as WC-Co and NbC-Ni cermets, showed an elevated abrasive wear 

rate with an increase in both the size and hardness of abrasive particles. This increase was 

attributed to a transition in wear mechanisms, shifting from plastic grooving to fracture and 
fragmentation. 

 The comparison showed that NbC-Ni has a 37-86 % and 66-83 % higher abrasive wear rate than 

WC-Co for SiC and Al2O3 grit, respectively, irrespective of the comparable material micro-

hardness. This is due to the good wettability of tungsten carbide in cobalt, a homogeneous WC 

distribution, high plastic deformation energy of the Co binder and fracture toughness of WC-

Co, which are all relatively higher than for the NbC-Ni cermet. 

 For both NbC-Ni and WC-Co, the abrasive wear rate increased with increasing load and 

abrasive particle size, however, the increase was more pronounced with the abrasive particle 

size than the load. 

 The abrasive wear rate initially increased when the abrasive particle size increased from 22 µm 

to 82 µm, gradually increased between 82-125 µm and became independent at higher grit size, 

demonstrating the abrasive particle size effect. 

 Changing from SiC to Al2O3 abrasives reduced the abrasive wear rate by an order of magnitude 

for both NbC-Ni and WC-Co, indicating the abrasive hardness effect. 

 The effect of tribo-oxidation in the wear track during abrasive wear increased with a rise in 

surface temperature. 

 The changes in wear mechanism due to the abrasive particle size have been attributed to an 

increase in the severity of contact accompanied by an increased load per particle. The specific 

wear rate was correlated with the severity of contact for both NbC-Ni and WC-Co materials, 

clearly indicating a wear mode transition from plastic deformation to fracture. 

Literature shows the potential of NbC-Ni cermets against crater wear compared to WC-Co cemented 

carbides in cutting tool applications. The current research confirms this potential of NbC-Ni cermet 

against flank wear in two-body abrasive wear conditions. On the other hand, it lacks both material 

(wettability) and mechanical (fracture toughness and flexural strength) properties to achieve an abrasion 

resistance comparable to the WC-Co cemented carbide reference material. In the future, the fracture 

toughness of NbC-Ni cermet should be improved with alternative grain growth inhibitors and binder 

contents and subsequently compared to the abrasion resistance of WC-Co. 
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Appendix – I 

Different abrasive wear testing and property comparison maps for cermets and cemented carbide 

Reference Cermets 
Binder 

content 

Mechanical Properties Test 

method / 

standard 

Abrasive 
Test 

conditions 
Findings 

Observed wear micro-

mechanisms 
Missing link 

HV F.T B.S type size     

Abrasive wear of 

some titanium-

carbonitride-

based cermets 

[14] 

Ti(C,N)-Ni-

Mo-WC (d= 

1 -4) 

12.5 

wt% Ni 

- 11 

wt% Mo 

- 10 

wt% 

WC 

1500-

1800 
7-11 - 

Modified 

ASTM 

B611, 

(block-

on-wheel) 

SiO2, SiC 

and 

diamond 

SiO2 = 

100 µm 

SiC = 81.5 

µm 

Diamond 

= 1 µm 

L = 10.9 N , 

5 N (SiC, 

SiO2) 

1. The hardness effect of 

different abrasive 

countersurface explained 

2. Wear mechanisms of 

TiCN cermets produced 

from SiC and diamond 

abrasives are similar 

3. SiO2 abrasives cause 

shallow grooves on the 

surface of the cermet and 

no relative changes are 

noticed 

 Plastic indentation 

and micro-spall 

formation for SiC and 

diamond abrasives 

 Fine scale micro-spall 

formation for SiO2 

(quarts) abrasives 

An explanation 

for the abrasive 

grit size, critical 

particle size and 

their effect of 

wear micro-

mechanisms 

transition has 

not been 

explained 

Behaviour of 

TiC-based 

cermets in 

different wear 

conditions [15] 

TiC-NiMo 

(dTiC=1.9-

2.2) 

20–50 

NiMo 

(Ni:Mo 

4:1, 2:1) 

890-

1430 
- 

1090-

1680 

Modified 

ASTM 

B611, 

(block-

on-wheel) 

SiO2 
0.1-0.3 

mm 
SD = 100 m 

1. Cermets with FeNi 

composition with relative 

hardness compete with 

WC-Co 

2. Differences in wear 

behaviour of hardmetals 

and cermets may be related 

to their structural 

components 

- 

No clear 

explanation for 

the effect of 

abrasive 

properties and 

their wear 

mechanisms 

response is 

unknown 

TiC-FeNi 

(dTiC=1.9-

2.2) 

20–40 

FeNi (5, 

8, 14, 17 

Ni in 

binder) 

1000-

1520 
- 

1380-

2450 

WC-Co 

(dwC=1-2.2) 

Co (10-

2 0 

wt%) 

1030-

1500 
- 

1900-

3000 
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Corrosion and 

wear properties of 

TiC-Ni–Mo 

composites 

produced by 

direct 

consolidation 

during a self-

propagating high-

temperature 

reaction [16] 

TiCx-Ni-Mo 

(x = 0.84, 

0.87) 

Ni, Mo 

(Ni = 

49.5 

wt%, 

Mo = 0 - 

8.5 

wt%) 

- - - 

Modified 

ASTM 

G132 

Conditions 

not 

specified 

Conditions 

not 

specified 

Conditions 

not specified 

1. Mo increase decreases the 

wear rate of TiC-Ni cermet 

due to the increased 

interfacial bonding 

strength 

- 

An explanation 

for the effect of 

abrasive 

properties and 

their wear 

mechanisms 

response are 

unknown 

Abrasive wear 

performance of 

carbide 

composites [17] 

TiC-NiMo 

Ni:Mo 

(2:1, 

4:1) (20-

50 wt%) 

1000-

1400 
- 

1700-

2200 

Modified 

ASTM 

B611, 

(block-

on-wheel 

SiO2 
0.1-0.2 

mm 

L = 3 N, 

V=0.24 m/s, 

SD = 140 m 

1. Wear resistance: WC-Co > 

TiC-FeNi > TiC-NiMo 

2. An increase in modulus of 

elasticity decreases the 

abrasive volume loss 

3. Flexural strength shows a 

nonlinear trend in abrasive 

wear 

4. The performance of 

carbide composites in 

abrasive is controlled by 

the stiffness of the alloy 

Material removal 

mechanisms:  binder 

extrusion  

transgranular 

cracking of the 

carbides 

No clear 

explanation for 

the effect of 

abrasive 

properties and 

their wear 

mechanisms 

response is 

unknown 

TiC-FeNi 

FeNi 

(20-40 

wt%) 

1050-

1450 
- 

1500-

2400 

WC-Co 

 

Co (10-

20 wt%) 

1000-

1350 
- 

2300- 

3100 

Two-body 

abrasive wear of 

nano- and 

microcrystalline 

TiC–Ni-based 

thermal spray 

coatings [18] 

(Ti,Mo)(C,N) 

– NiCo 

(coating) 

NiCo 

(25 Ni-

20 Co 

vol%) 

870-940 - - 

Pin on 

drum (JIS 

H8615) 

SiC 
30-200 

µm 

L = 30 N, SD 

= 30 mm, V 

= 3 mm/min 

1. Nanocrystalline coating 

provides better 

performance than 

microcrystalline for all the 

particle sizes 

2. Critical particle size lies 

between 45 µm to 100 µm 

 Nanocrystalline 

coating: cutting and 

ploughing 

 Microcrystalline 

coating: Transition 

from binder removal 

to hard phase fracture 

and fragmentations 

No explanation 

of the abrasive 

grit size effect 

on the wear 

micro-

mechanisms of 

cermets 

Two body dry 

abrasive wear of 

TiC–NiMo 

TiC-NiMo 
Ni:Mo 

(1:1, 

2:1, 4:1) 

810-

1650 
 

730-

2450 

Modified 

block-on-

ring 

Alumina 

grinding 

wheel (HV 

= 1940) 

0.25 mm 

L = 10, 20 N, 

V = 2.8 m/s, 

SD = 100 m 

1. Wear volume loss ∝ 

applied Load and sliding 

distance up to 100 m 

2. Increasing the binder 

decreases the bulk 

 Plastic deformation 

 Subsurface cracks 

 Binder phase 

extrusion and 

No explanation 

of the abrasive 

grit size effect 

of abrasives on 
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Cermets [19] (20-60 

wt%) 

hardness of the system 

which increases the 

volume loss 

removal followed by 

the fracture 

the wear micro-

mechanisms 

Mechanical 

properties and 

wear performance 

of compression 

sintered TiC 

based cermets 

[20] 

TiC-FeNi 

(dTiC = 2-2.2) 

FeNi 

(20-40 

wt%) 

HRA 

88.7-

91.3 

- 
1400-

2300 

Modified 

block-on-

ring 

(ASTM 

G65-94) 

SiO2 
0.1-0.2 

mm 

L = 3 N, V = 

0.24 m/s, SD 

= 145 m 

1. No abrasion effect on 

ordinary vacuum sintering 

and sinter/hipping (gas 

compression during 

sintering) 

2. Sinter/hipping increases 

the rupture strength of TiC 

cermets which perform 

better adhesive wear 

resistance 

- 

No explanation 

for wear 

mechanisms, 

abrasive grit 

size, shape and 

hardness effect 

Erosion and 

abrasion of 

chromium carbide 

based cermets 

produced by 

different methods 

[21] 

Cr3C2-Ni 
10–30 

Ni 

LPS: 

920–

1420 

9.5–

18.0 
- 

Modified 

block-on-

ring 

(ASTM 

B611) 

Alumina 

grinding 

wheel (HV 

= 1900) 

0.25 mm 

L = 20 N, V 

= 2.8 m/s, SD 

= 50 m 

1. Lower binder fraction (10 

wt% of Ni) shows better 

performance than high 

binder fraction in Cr3C2 

carbides 

2. Reactive sintering grades 

outperform conventional 

sintering grades 

3. Similar abrasion 

mechanisms were 

observed for both 

fabrication techniques but 

reactive sintering has some 

advantages due to strong 

interfacial bonding and 

homogenous distribution 

 An increase () in the 

binder wt% produces 

deeper grooves on the 

cermet surface, 

carbide fracture and 

intergranular cracks 

No clear 

explanation of 

the abrasive 

size, shape and 

harness effect 

Reactive 

sintering: 

890–

1450 

9.8–

18.5 
- 

Mechanical and 

tribological 

properties of 

TiC–based 

composites for 

ED machining 

[22] 

TiC-Ni-Mo 

10–30 

vol% 

(Ni, Mo) 

(Ni:Mo 

= 3:2) 

1405–

1664 

7.8–

9.5 
- 

Pin on 

disc 

abrasion 

tester 

(DIN 

50330) 

SiC Grit 

paper 
80 µm 

L = 29.4 N, 

SD = 20.6 m, 

V = 600 rpm 

1. An increase in hardness 

decreases the abrasive 

wear 

- 

No clear 

explanation for 

the effect of 

abrasive 

properties and 

their wear 

mechanisms 
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response is 

unknown 

Two-body dry 

abrasive wear of 

cermets [23] 

TiC-Ni-Mo 

NiMo 

(20–60 

wt%) 

(Ni:Mo 

= 4:1, 

2:1, 1:1) 

810–

1650 
- 

730–

2450 

Block on 

ring test 

(ASTM 

B611-85) 

Alumina 

grinding 

wheel (HV 

= 1940) 

0.3 mm 

L = 20 N, V 

= 2.8 m/s, SD 

= 100 m 

1. Wear volume loss of the 

cermets saturated 

approximately 100 m 

sliding distance 

2. Wear volume showed a 

similar trend for Cr3C2 and 

WC-Co 

3. Cermets with a lower 

binder ratio (wt%) provide 

better performance than a 

higher binder ratio 

 TiC-20 wt% Ni: 

Formation of grooves 

and crater and no 

evidence of binder 

removal 

 TiC-20 wt% Ni: Deep 

grooves and ridges, 

binder extrusion, no 

direct determination 

of fracture and 

fragmentation 

No explanation 

for the abrasive 

grit size and 

hardness effect 

Cr3C2-Ni 
10–30 

Ni 

780–

1330 
- 

670–

910 

 Cr3C2–10 wt% Ni: 

Plastic deformation of 

carbides and binder 

matrix, micro-pits 

appeared due to the 

fracture and pull-out 

of carbide grains 

 Cr3C2–30 wt% Ni: 

Deep grooves and 

ridges, material 

pileup due to the 

plastic deformation, 

formation of parallel 

and median cracks 

WC-Co 6–20 Co 
880–

1380 
- 

1370–

2500 

 WC–6 wt% Co: 

Plastic deformation 

and binder extrusion 

followed by carbide 

pull out 

 WC–20 wt% Co: 

Deep grooves due to 

severe plastic 

deformation, 

fragmentation noticed 
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Cermets surface 

transformation 

under erosive and 

abrasive wear 

[24] 

TiC-NiMo (d 

= 2-4 µm) 

NiMo 

(12 

vol%) 

- - - 

Modified 

block on 

steel 

wheel 

(ASTM 

G65-94) 

SiO2 

HV=1078 

0.2-0.3 

mm 

L = 130, 195, 

490 N 

V = 2.39 m/s 

SD = 718 m 

1. Wear resistance: Cr3C2-Ni 

> WC-Co > TiC-NiMo 

2. An explanation for the 

mechanically mixed layer 

formation is found 

 Formation of the 

mechanically mixed 

layer due to the re-

embedment of 

carbide and sand 

fragments on the 

binder matrix 

 Formation of 

subsurface 

transgranular and 

intergranular cracks 

just below the 

mechanically mixed 

layer 

No explanation 

of the abrasive 

grit size effect  

and hardness 

effect 

Cr3C2-Ni (d 

= 2-4 µm) 

Ni (12 

and 33 

vol%) 

- - - 

WC-Co (d = 

2-4 µm) 

Co (12 

vol%) 
- - - 

Three-body 

abrasive wear of 

cermets [25] 

TiC-NiMo 

20–60 

wt% 

(Ni:Mo 

4:1, 2:1, 

1:1) 

810-

1650 

10.4-

22.9 
- 

Modified 

block-on-

ring 

(ASTM 

B611) 

SiO2 
0.1-0.3 

mm 

L = 40 and 

400 N, V = 

2.2 m/s, SD = 

100 m 

1. The hardness ratio 

between cermets and 

abrasives explained  based 

on a different hardness 

range 

2. No linear dependency 

between the wear 

coefficient and applied 

load (as predicted by 

Archard’s equation) 

3. Despite the similar 

hardness and binder ratio, 

the wear rate is noticed 

different 

 Plastic deformation as 

the dominant wear 

mechanism and small 

carbide fracture was 

noticed when the 

hardness of the 

abrasives was harder 

than cermets 

 At high loads, severe 

plastic deformation is 

followed by the 

carbide fracture if the 

cermet is harder than 

the surface. Material 

removal due to binder 

extrusion at low load 

 Plastic deformation 

and fracture of 

carbide occur 

simultaneously if the 

hardness of abrasives 

and cermet is equal 

No further 

explanation of 

the abrasive grit 

size effect 

Cr3C2-Ni 
10–30 

wt% Ni 

780-

1330 

7.9-

14.5 
- 

WC-Co 
6-20 

wt% Co 

890-

1580 

14.7-

37.3 
- 
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Abrasive wear 

behavior of TiCN 

cermets under 

water-based 

slurries with 

different 

abrasives [26] 

Commercial 

TiCN cermet 

(dTiC = 0.5-2) 

 2200 - - 

Modified 

Wet sand 

rubber 

wheel test 

(ASTM 

G105) 

SiC 

(HV=2900-

3000), 

Al2O3 

(HV=2000-

2100), 

SiO2 

(HV=1000-

1100) 

SiC (0.45 

mm), 

Al2O3 (0.6 

mm), SiO2 

(0.58 mm) 

L = 225 N, V 

= 498 RPM, 

SD = 60 Km, 

slurry 

concentration 

= 5 – 40 wt% 

1. Abrasive volume fraction 

of cermets against abrasive 

slurry : SiC > Al2O3 > SiO2 

abrasives based on the 

hardness ratio between 

abrasive and cermets 

2. Wear rate increased with 

the increase in abrasive 

mass fraction 

 SiC abrasives: plastic 

deformation and 

micro-grooving, 

fracture associated 

with carbide pull-out 

(micro-pits) 

 Al2O3 abrasives: 

plastic deformation of 

binder phase (binder 

removal) 

 SiO2 abrasives: 

plastic deformation 

(binder removal) 

No further 

explanation of 

the abrasive grit 

size and shape 

effect 

Developments in 

cermet design, 

technology and 

performance [27] 

TiC-NiMo 

(dTiC = 2) 

Ni:Mo 

(1:1,2:1, 

4:1) (20-

60 wt%) 

750-

1700 
- 

700-

2550 

Modified 

block-on-

steel 

wheel 

(ASTM 

B611) 

SiO2 
0.1-0.3 

mm 

L = 40 and 

200 N, V = 

2.2 m/s, SD = 

50 m 

1. Wear coefficient : Cr3C2-

Ni > TiC-NiMo (4:1) > 

TiC-NiMo (2:1) > TiC-

FeNi > TiC-FeNi (1:1) 

2. Ha/Hm > 1.2 : plastic 

deformation and fracture 

Ha/Hm < 0.9 

 TiC- NiMo cermets : 

Plastic deformation 

(50-60 wt%) 

 Cr3C2-Ni cermet: 

mixed plastic 

deformation and 

fracture 

 Hardness ratio > 1.2: 

plastic deformation 

and fracture 

 Hardness ratio < 0.9: 

microcracks and 

falling out 

 Hardness ratio = 0.9-

1.2: binder squeeze 

out and removal 

No further 

explanation of 

the abrasive grit 

size effect 

TiC-FeNi 

FeNi 

(20-40 

wt%) 

1250-

1390 
- 

1800-

2500 

Cr3C2-Ni 

(dCr3c2) = 4-

6) 

10–30 

wt% Ni 

700-

1400 
- 

580-

1400 

Liquid phase 

sintering of 

(Ti,W)C-Ni-Co-

Cr cermets: 

Microstructure 

and abrasive wear 

behavior [28] 

(Ti,W)C-Ni-

Co-Cr 

18.5–

26.6 

vol% 

(Ni, Co, 

Cr) 

950–

1300 
- - 

Pin on 

disc 

abrasion 

tester 

(ASTM 

G132) 

SiC Grit 

paper 
180 µm 

L = 4.7 N, V 

= 150 rpm, 

SD = 1200 m 

1. An increase in the binder 

phase increases the wear 
- 

No explanation 

for wear 

mechanisms, 

abrasive grit 

size effect and 

hardness effect 
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Niobium carbide 

for machining 

and wear 

protection – 

Evolution of 

properties [29] 

NbC-Ni, Co, 

NiVC, 

NiMo, 

NiMoVC, 

NiMo2CVC 

Co (12 

vol%) 

Ni (6-12 

vol%) 

 

1197-

1499 

5.78-

10.3 

626-

1599 

Dry sand 

rubber 

wheel 

(ASTM 

G65) 

SiO2 265 µm 

L = 130 N, 

SD = 6000 m, 

V= .04 m/s 

1. NbC offers improved wear 

resistance than cemented 

carbides under dry 

abrasive wear condition 

2. Dry abrasive wear 

independent from micro-

hardness 

- 

No specific 

wear 

mechanism and 

particle size 

effect explained 

Two-body abrasive wear of cemented carbide (Abrasive grit size and hardness effect)  

Grooving Wear 

[30] 

WC-Co 

(dWC= 1.35 

µm) 

Co (6-

25 

vol%) 

950-

1400 
- - 

Pin on 

abrasive 

paper test 

SiC, 

Al2O3 and 

flint 

63 µm and 

145 µm 

L = 1.4, 2.8, 

4.9 MPa 

1. Abrasive particle 

hardness resulting in 

different micro-wear 

mechanisms 

2. Fine-grained WC 

outperforms coarse-grade 

WC against micro-

cracking 

3. WC-Co with high carbide: 

fine grade outperforms 

coarse 

4. WC-Co with high cobalt: 

coarse grade outperforms 

fine grade 

 SiC abrasives: 

grooving and micro-

cracking (leads to 

flaking) 

 Al2O3 abrasives: 

plastic deformation 

and WC/WC or 

WC/Co interface 

fracture 

 Flint abrasives: 

plastic deformation 

(Co binder removal) 

No further 

explanation of 

the abrasive 

particle size 

effect and their 

wear 

mechanism 

explanations 

Abrasion of 

ultrafine WC-Co 

by fine abrasive 

particles [31]  

WC-Co 

(dWC= 0.3-

4.5 µm) 

Co (5-

14 wt%) 

1050-

2150 

5.6-

24 

3180-

5100 

Pin on 

Disc  and 

edge on 

disc test 

(ASTM 

G132) 

SiC 

21.8 µm 

and 125 

µm 

SD = 27 m, V 

= 0.5 m/min, 

L = 2 N 

1. Pin on disc: Finer SiC 

abrasives the coarse grade 

WC-Co outperforms 

submicron grade WC-Co 

2. Edge on disc: Coarse 

grade WC-Co has a 25-

40% higher wear rate than 

fine grade WC-Co 

3. The ratio between carbide 

size and abrasive particle 

size effect is explained 

 Ultrafine grade WC-

Co: micro-ploughing  

 Coarse grade WC-

Co: transition from 

grain pull-out to 

binder removal 

followed by WC 

detachment 

 Fine abrasives 

against WC-Co: 

binder removal and 

pull of WC grains 

 Coarse abrasives 

against WC-Co: 

No further 

explanation for 

critical particle 

size and size 

effect for a 

range of grit 

sizes 
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plastic deformation, 

fracture and 

fragmentation, pull-

out 

Effect of 

microstructure on 

edge wear 

mechanisms in 

WC–Co [32] 

WC-Co 

(dWC= 0.3-

4.9 µm 

Co (3-

11 wt%) 

1150-

1950 
7-19 

2100-

4700 

Edge on 

disc 
SiC 

5 µm (fine) 

and 200 

µm 

(coarse) 

L= 2 N, 15 N, 

V=0.5, 1 

cm/s, SD = 

30 m 

  Fine abrasives: 

binder removal and 

pull of WC grains 

 Coarse abrasives: 

Flaking to ploughing 

transition 

No further 

explanation for 

critical particle 

size and particle 

size effect with 

different size 

ranges 

Effect of abrasive 

particle size on 

friction and wear 

behaviour of 

HVOF sprayed 

WC-10Co-4Cr 

coating [33] 

WC-Co-Cr 

coating (d = 

1.5  µm) 

Co (10 

vol%) 

Cr (4 

vol%) 

1138-

1158 

4.4-

5.8 
- 

Pin 

abrasion 

test 

SiC 
36 – 150 

µm 

L = 30, 60 N, 

V = 0.25, 1 

m/s, SD = 

1256 m 

1. Critical particle size: 100 

µm 

2. An increase in the 

particle size increases the 

wear up to 2.5-4 times 

for 30 N and 1.5-1.6 

times higher for 60 N 

 The particle size 

effect showed a 

transition in wear 

mechanisms from 

fatigue and plastic 

formation to fracture 

failure along with the 

load 

Particle size 

effect clarified 

for WC-Co-Cr 

coatings 

 



44 

 

Appendix – II 

Number of particles in contact and the herz contact pressure.  

Particle 

size 

(μm) 

Particles in 

nominal contact 

area (N) 

Particles in 

real contact 

area (n) 

CP for single abrasive 

particle (GPa) 

Nominal contact 

pressure (GPa) 

CP for the real 

area of contact 

(GPa) 

WC NbC WC NbC WC NbC 

22 48811.52 476.60 16.35 16.99 0.45 0.46 2.09 2.18 

82 3513.50 23.66 10.09 10.49 0.66 0.69 3.52 3.65 

125 1511.99 9.06 8.65 8.99 0.75 0.78 4.15 4.31 

200 590.62 3.00 7.28 7.56 0.87 0.90 5.04 5.24 

Appendix - III 

Surface material ratio curve: 

 

Fig. 1 : Material ratio curve obtained from white light interferometry. 
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Appendix - IV 

Coefficient of friction of cemented carbide (WC-15.6Co) 

 

Fig. 2 – Friction coefficient vs load and particle size of WC-Co against (a) SiC and (b) Al2O3 

abrasives. 

Coefficient of friction of NbC-Ni cermet (NbC-12Ni-10Mo2C) 

 

Fig. 3 – Friction coefficient vs load and particle size of NbC-Ni cermet against (a) SiC and (b) Al2O3 

abrasives. 
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