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Abstract 

In this paper, the material removal mechanism of TiC/Ni cermet is firstly 

investigated based on the analysis of the nano-indentation and the diamond scratching 

test, and the grinding induced surface damage mechanics is then explored according to 

the surface topography, the surface morphology and the material microstructure 

analysis. The results show that the material removal experienced plastic deformation, 

plowing and fracture under the dynamic scratching process, where the material 

microstructure plays a determinant role on the obtained surface characteristics of the 

TiC/Ni cermet. To achieve a smooth surface and ductile material removal by the ultra-

precision grinding process, a group of the machining parameters is selected to reveal 

the formed nanometric surface characteristics, where the dislodgement of the hard TiC 

particles and the surface relief formation were induced by the varied material removal 

rate between the binding phases and the TiC hard particle under the scratching of the 

diamond grits. In addition, the preferred TiC (200) crystalline plane in the ground 

surface layer appears for the interface fracture between the TiC grains and the rim 

structure, while the Ni (111) crystalline plane shows a preferred growth for the extrusion 

in the subsurface deformed layer. 
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1. Introduction 

Ti(C,N)/Ni cermet is now widely applied in the mechanical fields as the bearings 

and in the manufacturing area as the cutting tools due to the low friction coefficient, the 

superior high temperature hardness and the excellent chemical stability [1-5]. To further 

improve the toughness, the metal binder powders are usually added to the green body 

before the fabrication process, such as Ni and Co. However, a low toughness and 

strength resulting from the poor wetting of Ni on Ti(C,N) limits its wide application. 

Therefore, Mo element and WC grains are introduced to improve the wetting behavior 

by forming (Ti,Mo)(C,N) rim around the undissolved Ti(C,N) ceramic particles, as well 

as the refinement of the Ti(C,N) grains and strengthening the boundaries [4, 6-8]. After 

the sintering process, the microstructure of the obtained cermet is characterized by the 

hard cores surrounded by the multi rim layer, which greatly improves the toughness of 

the bulk materials by microcracking, bridging, cracking deflection, crack branching, etc 

[2].  

However, the increased mechanical properties, as well as the non-uniformity of 

the material microstructure, make TiC based cermet quite difficult to be machined 

precisely with high surface integrity. The material removal behavior is dependent on 

the composite microstructure which greatly differs with the single-phase material. 

Taking the typical microstructure into consideration, the TiC core, the solid solution 

rim and the metal binder in TiC based cermet is obviously different from WC/Co cermet 

[9]. The indentation test and the diamond scratching process have been widely applied 

to investigate the material removal mechanism of hard and brittle materials [10-14]. 

The Vickers indentation, the nano-indentation and the diamond scratching results of the 

polished surface indicates that the ceramic-metal phase boundaries are easier to be 

broken for the formation of solid solutions during the fabrication of the TiC based 

cermets [15, 16]. The uneven grain size and the gradient microstructure result in the 

varying material removal mechanism and the more serious damage degree. For the 

improvement of the mechanical properties, the addition of the submicron TiC grains 

during the sintering process contributes to the obvious promotion of the mechanical 

properties and the obtained surface integrity after machining [3], which bears great 
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influence on the obtained tool life and the inaccurate form accuracy of product [5]. In 

addition, for the applications at high temperature, the micro-structural stability is also 

a key issue that should be evaluated during the machining process, where NiO, TiO2, 

MnO3 and Ti2O3 might be generated to form a loose layer that results in the increasing 

wear rate [4, 17]. Ultra-precision grinding process has been applied to machine the 

specific shape of the TiC based cermet [18, 19], where many micro-pits, surface reliefs 

and partial fracture of the TiC grains are identified on the ground surface except for the 

scratching grooves, and a subsurface damage layer of about 2.5 μm is induced [18], 

which is quite similar to the WC/Co hard metals under the same machining parameters 

[20]. Compared with the systematic and fundamental investigations on the cemented 

carbide of WC/Co, only a limited number of researches on TiC based cermets have been 

undertaken to reveal the machinability, the damage mechanics and the generated 

surface characteristics during the grinding process. On this basis, a comprehensive 

method, including the nanoindentation test, the Vickers indentation, the diamond 

scratching and the high spindle speed grinding, is employed in the present work to 

investigate the surface damage and the surface generation mechanism of TiC based 

cermet, combined with the necessary advanced surface characterization. 

2. Materials and experiments 

The studied TiC based cermet is mainly composed by the TiC and WC particles 

and the Ni, Co and Mo metal binders. The detail composition is listed in Table 1. Before 

the nano-indentation and the diamond scratching test, the workpiece surface was 

polished to achieve a surface roughness of Sa＜15 nm, as shown in Fig. 1.  
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Fig. 1 Surface topography of the polished TiC/Ni cermet 

The rotating diamond scratching test was undertaken on an ultra-precision surface 

grinding machine (MUGK7120X5, Hangzhou Machine Tool Group Co., Ltd, China), 

and the detail information of the test can be found in the previous study [21]. In addition, 

the nanoindentation test of the polished surface was performed on the Nano-indenter 

(NanoIndenter® XP system, MTS) under varying conditions with a Berkovich indenter. 

To investigate the material behavior under different loading speed, five repeated 

indentations at the maximum load of 100 mN by adjusting the loading/unloading time 

were undertaken. 

The high spindle speed diamond wheel scratching was conducted on the machine 

tool of Moore Nanotech 450UPL, and the illustration of the grinding setup can be found 

in the previous work [22]. A resin bonded diamond wheel of 2000# was applied for the 

ultra-precision grinding of the TiC cermet after precision dressing by the green silicon 

stick and a diamond nib, where the detail grinding and dressing parameters are listed in 

Table 2.  

Table 1 The detail composition of the workpiece material 

Composition TiC WC Ni Mo W Others 

Content (Vol.%) 60 15 13 4 3 5 

Table 2 The detail grinding and dressing parameters 

Grinding 2000# diamond wheel diam. 25 mm, resin bonded 

 Concentration 75% 
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 Wheel RPM ns (rpm) 50,000 

 Workpiece RPM nw (rpm) 120 

 Feed rate f (mm/min) 0.5 

 Depth of grinding ae (μm/pass) 0.5 

Truing Truer Silicon carbide stick/diamond nib 

 Feed rate (mm/min) 0.5 

 Depth of truing (μm/pass) 2 

 Truer RPM (rpm) 200 

 Wheel RPM (rpm) 3000 

Coolant CLAIRSOL 350 MQL 

The surface morphology of the nano-indentation imprints was characterized by an 

optical microscope (OM, Olympus BX60) and a scanning electron microscope (SEM, 

Hitachi TM3000), and the surface morphology of the scratching grooves was also 

examined by the scanning electron microscope (SEM, Hitachi TM3000). The ground 

surface was then measured by another scanning electron microscope (SEM, JEOL 

Model JSM-6490), equipped with the energy dispersive X-ray spectroscopy (EDS). To 

characterize the nanoscale surface topography of the ground TiC based cermet, a white 

light interferometer (WLI, Nexview 3D profiler, ZygoLamda) and an atomic force 

microscope (AFM, Park’s XE-70) were utilized. In addition, both Bragg Brentano X-

ray diffraction (BBXRD, Rigaku SmartLab) and grazing incidence X ray diffraction 

(GIXRD, Rigaku SmartLab) were undertaken to analyze the phase structure of the 

original and the machined surface with the CuKα radiation, where the incident angle for 

the GIXRD is 0.2°, 0.5°, 0.8° and 1.5°, respectively. 

3. Results and discussion 

To investigate the influence of the material microstructure, the nanoindentation 

test was conducted at varying positions at the maximum load of 100 mN under different 

loading/unloading time. The typical surface morphology of the imprints at the 

maximum load of 100 mN and the loading/unloading time of 20 s and 40 s is shown in 

Fig. 2, where the numbered imprints by green numerals are for the loading/unloading 

time of 40 s, and the pink numbers are labelled for the loading/unloading time of 20 s. 

It can be easily found that the material behavior under the nano-indentation test depends 

on the specific position where the composed phases differ at the selected positions. The 

different hardness for the composed phases, the different area ratio of the indents, and 
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the plastic deformation of the surrounding phases result in the inconsistent 

loading/unloading curves, as shown in Fig. 2(b) and Fig. 2(d). After a careful check of 

the surface morphology of the obtained indents, it is found that the typically obtained 

imprints can be classified into the pure indentation on TiC phase, the semi-mixed 

indentation on TiC phase and the rim structure, as well as the mixed indentation on TiC, 

the rim structure and the metal binder, as shown in Fig. 2(c). Specifically, the mixed 

modes of the indentation generally appeared for the random distribution of the TiC 

particles and the binder phases. To be mentioned, the pores in the bulk material bear 

obvious influence on the mechanic behavior under the nanoindentation test, where the 

singular loading/unloading curves for the numbered 3 and 4 positions by the green color 

appeared, as shown in Fig. 2(b). The lack of the support at the pore edge contributed to 

the fast deformation and uneven curves. In addition, it can be found that the indented 

imprints mainly experienced plastic deformation, and no obvious cracks are induced 

under the relative maximum load, even at the phase boundaries where the generated 

brittle phases by solid solution form [9]. 

 

Fig. 2 Surface morphology of the nanoindents and the loading-displacement curves 
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for the nano-indentation test: (a) the surface morphology; (b) the loading-

displacement curves at the maximum load of 100 mN for the loading/unloading time 

of 40 s (indicated by the green numbers); (c) SEM image of the typical imprints under 

different indentation mode at the maximum load of 100 mN for the loading/unloading 

time of 20 s (indicated by the pink numbers) 

Actually, the material microstructure of the original TiC cermet has great influence 

on the obtained surface characteristic of the indented imprints. As shown in Fig. 3, the 

non-uniform distribution caused by the clustering of the TiC grains in the production 

process appears randomly. The lack of the binders in the clustering easily result in the 

formation of boundaries collapsion. Corresponding to the nano-indentaiton results, the 

loading-displacement curves is deformed as far as the indentation imprint involves the 

original defects in the bulk material.  

 

Fig. 3 Surface morphology of the micro-structure of the TiC based cermet 

To get a further insight into the surface damage mechanism of the TiC-based 

cermet under the quasi-static loading condition, the Vickers indentation test under the 

load of 5 kg at varied points was undertaken. The surface morphology and the 3D 

surface topography of the indented imprints are shown in Fig. 4. The radial cracks 

formed at the four wedges of the diamond tips, and the cracks expanded twistedly. The 

intergranular cracks in the TiC grains mainly depend on the relative angle to the 

propogation tip. On the one hand, as the angle is greater than 30°, the transcrystalline 

cracks tends to be formed. On the other hand, the intergranular fracture is easier to be 

induced. 
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Fig. 4 SEM images of the Vickers indentation imprints of the TiC based cermet 

The surface morphology of the diamond scratching grooves clearly shows that the 

material experienced three typical stages, as illustrated in Fig. 5(a), where the obvious 

plastic deformation under the moving diamond grit appeared at the first stage and no 

material removal was generated, as shown in Fig. 5(c). With increasing scratching depth, 

more serious deformation at the groove edge leads to the loose of the TiC particles 

under the squeezing effects of the diamond indenter, as shown in Fig. 5(b). The further 

growth of the scratching depth even resulted in the breakage of the surface to form the 

debris near the groove, which is marked by the pink arrows in Fig .5(b), Fig. (d) and 

Fig. 5(e). The micro tips on the diamond grits began to remove the material and the 

shape was copied to the bottom of the groove. Simultaneously, the material is removed 

with the hard particles and binders extruded under the diamond grits, as indicated by 

the red and the green arrows in the figures.  

 



9 

 

Fig. 5 Surface morphology of the diamond scratching grooves of the polished 

TiC based cermet 

At the groove edge, the surface cracking is induced even after one time of 

scratching, which leads to the dislodgement of the particles in the multi-passes grinding 

process. To characterize the transition limit from plastic deformation to surface 

breakage and the surface cracking, the 3D surface topography and the cross-sectional 

profile along the scratching groove are collected by the white light interferometer 

(WLI), as shown in Fig. 6. The critical cutting depth from the plastic deformation to the 

appearance of the edge breakage is about 99.6 nm. Presumably, the porosity of the 

original material contributed to the plastic deformation at the initial stage. Even at the 

stage of the material removal, the actual cutting depth of the diamond grit drops 

compared with theoretical values based on the geometrical kinematics analysis. 
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Fig. 6 Surface topography and the cross-sectional profile along the diamond 

scratching groove 

Even though the diamond scratching results contributes to the understanding of 

the surface damage mechanism of the studied material, the low motion speed of the 

diamond tip always deviates from the actual machining speed, which results in the 

doubt of the reliability on the obtained achievements. Therefore, the high speed 

diamond scratching process and the high spindle speed diamond grinding process with 

a sharp V shape wheel are applied to explore the surface formation process [22, 23]. As 

shown in Fig. 7, the surface morphology of the diamond wheel grinding grooves 

indicates that the random protrusion height of the diamond grit in the wheel leads to the 

different material removal stage at the same grinding position for the diamond wheel. 

Specifically, the plastic deformation of the TiC based cermet was firstly induced under 

the normal pressure of the high spindle rotating wheel, where the material is not 

removed, as shown in Fig. 7(e). In addition, the edge of the pores in the original material 

experienced the early collapsion under the dynamic scratching of the sharp wheel 

before the grinding depth reaches the critical level, as indicated by the enlarged area in 

Fig. 7(d). The dislodgement of the TiC hard particles also results in the formation of the 

micro-pits in the grinding grooves, and the pulverization of the transition layer 
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composed of the brittle solid solutions was induced. Compared with the mechanical 

behavior of the WC/Co cemented under the same loading condition, it can be easily 

found that the TiC based cermet experienced an obvious plastic deformation stage 

before the material is removed [22], which resulted from the low density and the higher 

porosity of the bulk material. 

 

Fig. 7 SEM images of the high spindle speed diamond wheel scratching grooves of 

the TiC based cermet 

Under the ultra-precision grinding process, the machined surface of the TiC based 

cermet is characterized by the scratching grooves, the grain fracture and the grain 

dislodgement, as shown in Fig. 8(a) and Fig. 8(b). It has been reported that the addition 

of the WC carbide grains decreases the wear resistance of the cermets due to the 

volatilization of tungsten oxide [24], and the wear mechanism of TiC based cermet was 

mainly micro-cracking induced spalling and abrasive wear, which turned to be adhesive 

and tribochemical wear [25]. The EDS results for the selected area A and B indicate 

that no serious oxidation was induced for both the TiC particles and the binder phase in 

the ultra-precision grinding process, as illustrated by Fig. 8(c) and Fig. 8(d). In addition, 

the phase boundaries between the hard TiC particles and the binders were always 

broken under the scratching of the diamond grits when the difference in the hardness 

resulted in the varying material removal rate between the binding phases and the hard 

particles, where less support for the edge area of the TiC particles occurs. Besides, the 
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repeated shock by the diamond grits also causes the fatigue of the binding interface. In 

combination with the generated micro-cracking, the dislodgement of the hard TiC 

particles can be easily induced. 

 

Fig. 8 Surface morphology of the TiC based cermet after ultra-precision grinding and 

the EDS results of the selected areas 

The dislodgement of the TiC grains contributed to the formation of the micro-pits 

and the appearance of surface reliefs, as shown in Fig. 9(a). In addition, the related 

vibration between the grinding wheels and the workpiece also leaves some obvious 

marks on the machined surface. As illustrated in Fig. 9(b), the 2D FFT analysis of the 

obtained surface data shows that the main spatial frequency peaks correspond to the 

periodic marks induced by the tool feed and the tool vibration marks. Specifically, the 

peak at 236.5 1/mm is caused by the tool feed which is about 4.17 μm/r, and the peak 

at 37.1 1/mm is attributed to the relative vibration. In addition, the adjacent vibration 

and the phase shift also result in the appearance of some other spatial frequencies [26]. 

The weak peaks around the origin point should be induced by the randomly distributed 

micro-pits of various sizes, as shown in Fig. 9(c) and Fig. 9(d). In the feed marks, much 

finer scratching grooves occurred caused by the splintered diamond grit [27]. An 
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enlarged area of the formed micro-pits in Fig. 9(d) shows that the surface is covered by 

random fracture of the binding interface and the powder. The varying hardness of the 

composed phases contributed to the surface reliefs for the different material removal 

rate between the TiC and Ni phases. 

 

Fig. 9 3D surface topography and power spectra densities of the achieved 3D surface 

data by FFT: (a) 3D surface topography of the ground surface by the WLI, (b) FFT 

result of the obtained surface data, (c) and (d) the 3D surface topography by the AFM 

The obtained BBXRD and GIXRD patterns of the ground surface are shown in 

Fig. 10. By comparing the typical peaks positions in the BBXRD patterns of the TN85 

cermet before and after grinding, it can be easily found that the grinding process did 

not change the phase compositions of the TiC based cermet, which mainly contains TiC 

and Ni phases. The added WC, W and Mo are supposed to form (Ti, W, Mo)C solid 

solutions. Interestingly, the strongest peak intensity of the TiC phases changes from 

TiC(111) to be TiC(200), while the peak intensity for the Ni binders drops for the Ni 

(200) crystalline planes and the preferred crystalline planes growth of Ni (111) appears. 

The formation of the microcrystalline TiC grains induced by the surface fracture in the 



14 

grinding process should account for the increasing peak intensity for the TiC (200), and 

the extruded plastic deformation of the Ni binders and the preferred removal of Ni in 

the surface layer contribute to the dropped crystalline peaks. To get a further insight of 

the phase structure of the ground surface layer, the GIXRD results at different grazing 

incidence angle indicates that the peaks intensity for the detected TiC and Ni phases of 

the ground surface turns to be greater than the original material. Specifically, with the 

increasing incident angle from 0.2° to 1.5°, the peak intensity for TiC (111) gradually 

turns to be the strongest to be over TiC (200), which indicates the preferred grains 

orientation change in the ground surface. The fracture of the face centered TiC grains 

along the phase boundaries between the TiC (111) planes and the rim structure should 

account for the preferred crystalline plane in the ground surface. However, the peaks 

for Ni even does not occur for ground surface when the incident angle is below 0.5 °, 

indicating that the Ni binder in the outmost layer was removed in the grinding process. 

The further increase of the incident angle contributes to a higher penetration and 

characterizing depth. By comparing the results of the BBXRD and GIXRD, it can be 

derived that the extruded Ni binder in the subsurface layer along the grinding direction 

results in the preferred orientation of Ni (111), while the prior removal due to its low 

hardness leads to the peak disappearance in the outmost surface. 

 

Fig. 10 BBXRD and GIXRD results of the machined TiC based cermet: a) BBXRD 

patterns, b) GIXRD patterns of the ground surface 

4. Conclusions 

This paper systematically investigates the surface generation mechanism, 
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including the typical surface morphology, the material removal mechanism and the 

surface damage modes, of the TiC based cermet under the quasi-static indentation, the 

dynamic diamond scratching and the high spindle speed grinding process. Combined 

with the various surface characterization results, the following conclusions are drawn: 

(1) The surface damage mechanism of TiC based cermet mainly involves plastic 

deformation, brittle fracture of the gray rim, TiC grains fracture and dislodgements 

which results in the surface micro-pits formation on the machined surface after the 

ultra-precision grinding process; 

(2) The material microstructure obviously affects the generated surface characteristics 

under the mechanical loading, where the uneven distribution of the composed 

phases and the porosity in the bulk material contributed to the easier fracture and 

pulverization of the edge area under the dynamic loading process; 

(3) The difference in the mechanical of the hard particles, the gray rim and the binder 

phase leads to the varying material removal rate in the ultra-precision grinding 

process, and the ground surface is characterized by the plastic grooves and the 

micro-pits, where no evident oxidation is induced.; 

(4) The grinding surface is characterized by the preferred TiC (200) crystalline planes 

caused by the interface fracture between the TiC phases and the rim structure, and 

the subsurface deformation results in the extrusion of the Ni binder, which 

contributes to the preferred Ni (111) plane orientation. 
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