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ABSTRACT

Purpose: The goal of this work is comparative study of TiC–(Mo, Ni) composites with different TiC-phase 
content to obtain material with an optimal mechanical and tribological properties, which can be easy shaped by 
Electro Discharge Machining (EDM).
Design/methodology/approach: Three variants of TiC–(Mo, Ni) composites with the different hardening 
phase to the bonding phase ratio were sintered in vacuum. The influence of the initial TiC hard phase content in the 
sintered composites on their mechanical and tribological properties as well as ED machinability were investigated. 
The density, Young modulus, hardness, fracture toughness were measured. Tribological tests were carried 
out conducted using “pin-on-disc” and “ball-on-disc” methods. Wire Electro Discharge Machining (WEDM) 
performance preliminary test were realised also.
Findings: The microstructure of sintered TiC–(Mo, Ni) materials is characterized by a ring structure of carbides. 
Mechanical properties  and wear resistance are better for samples with higher TiC content. All variants of 
investigated materials are characterized by good WED machinability.
Research limitations/implications: Obtained materials are characterized by good mechanical, tribological 
and working properties but homogeneity of microstructure should be improved. Farther works will be continued 
also for limitation of the metallic phase content up to 5 vol.%.
Practical implications: After additional technological evaluation tests, obtained materials could be used for the 
different parts of machines and wear components (e.g. nozzles, plungers) shaped by EDM.
Originality/value: New type of TiC–metal bonded composite with high content of hard phase which could be 
shaped by EDM.
Keywords: Composites; Mechanical properties; Wear resistance; Working properties 
of materials and products

PROPERTIES

1. Introduction 

TiC–based materials are important for a machinery, high-
temperature, and cutting applications because of their high 
melting point, hardness, elastic modulus, wear resistance, and 
relatively low coefficient of friction and thermal expansion [1-4]. 

Consolidation of TiC powders into dense, and high-strength 
ceramics is difficult because of the high degree of covalent 
bonding and low self-diffusion coefficient. Reaction sintering and 
hot pressing are often employed for the production of dense solid 
bodies of titanium carbide–based ceramics [5, 6]. Both methods 
require either high sintering temperatures or liquid forming 
additives. At high temperatures the grain growth becomes 
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predominant, whereas in the liquid phase sintering dense, fine 
grained materials can be obtained in the significantly lower range 
of temperatures. In comparison with most of popular ceramic 
materials, TiC–metal bonded composites have very good 
electrical conductivity. This feature makes TiC–based hard 
material able to be forming by Electro Discharge Machining 
(EDM) [7-11]. Moreover, incorporation of metallic second phase 
into ceramic metrics has been shown to give significant 
improvement in fracture toughness and strength [12]. As a 
metallic additives Co, Ni and Mo are often used for TiC–based 
ceramic composites [13-15]. However, incorporation of large 
amount of metallic phase tends to result in noticeable decrease in 
hardness and resistance to oxidation, which cannot satisfy the 
practical requirements of many structural materials. 

In this work comprehensive investigations of physical, 
mechanical and tribological properties as well as EDM 
performance of TiC–(Mo, Ni) composites with various hard phase 
content are presented. 
 
 

2. Experimental 
 
2.1. Sample preparation 
 

In the presented work, for the composites preparation, 
titanium carbide (ABCR GmbH & Co. KG, 2 m average grain 
size, purity 98.5%) as a hard phase and mixture of nickel 
(GoodFellow, 3-7µm average grain size, purity 99.8%) and 
molybdenum (GoodFellow, 2µm average grain size, purity 
99.9%) as a metallic bonding phase were used. 

Initial phase composition of mixtures for the samples 
preparation were as follow: 
 70vol.%TiC+30vol.%(Mo, Ni), 
 80vol.%TiC+20vol.%(Mo, Ni), 
 90vol.%TiC+10vol.%(Mo, Ni). 

Volume ratio of molybdenum to nickel in the bonding phase for 
each mixture was 2:3.  

Mixing was carried out in an environment of ethanol with the 
addition of polyethylene glycol in the Turbula shaker-mixer. After 
homogenization powder mixtures were dried and formed, by the 
single-action cold pressing under pressure of 130 MPa, into 
square plates with dimensions of 16x16x6 mm. The green 
compacts were consolidated by the cold isostatic pressing under 
pressure of 250 MPa. The sintering process was carried out using 
the GERO HTK 8/22G vacuum furnace at the pressure of 0.1 Pa 
and the temperature of 1500oC for 1 h. Conditions of the sintering 
process were determinate using the Ni–Mo phase diagram [16]. 
Sintered compact are presented in Fig. 1. 
 

 
 

Fig. 1. Examples of sintered TiC–(Mo, Ni) composites (macro) 
 

The sintered composites were subsequently ground to obtain 
required quality and parallelism of surface for physical, 
mechanical and tribological investigations. 

2.2. Research methods 
 
For microstructures observation scanning electron microscope 

JEOL JXA-50A was used. 
Density of sintered samples were measured by hydrostatic 

method. Uncertainty of measurements was no more than 
0.02 g/cm3 which gave us a relative value of error below 0.5%. 

Young’s modulus of sintered composites were measured basing on 
the velocity of the ultrasonic waves transition through the sample using 
the ultrasonic flaw detector Panametrics Epoch III. The accuracy of 
calculated Young’s modulus could be estimated to be 2%. 

Sintered compacts for hardness and fracture toughness 
measurements were prepared by lapping them with diamond 
abrasives. The hardness on the polished samples was determined by 
Vickers method using digital Vickers hardness tester Future-Tech 
FM-7 with an indentation load of 9.81 N. The fracture toughness 
was calculated from the length of cracks which develop during a 
Vickers indentation test (hardness tester Frankoskop, with 
indentation load of 294.2 N) using Niihara’s Equation [17, 18]. 

Tribological tests have been carried out using “pin-on-disc” 
and “ball-on-disc” methods. 

Resistance to wear of TiC–based material, using modified 
“pin-on-disc” method, was determinated basing on a document 
DIN 50330. This method involves grinding the sample (bar 4.7 x 
4.7 x 14 mm) housed in the handle and pushed to the rotating disk 
with the SiC sandpaper on the surface (Fig. 2). 

 

 
 

Fig. 2. Pin-on-disc setup: 1 – TiC–(Mo, Ni) specimen, 2 – SiC 
sandpaper, 3 – supporting disc 

 
Grain size of the abrasive material of the sandpaper is 80 m. 

Test was carried out from the circuit of the disk to the center of 
the disk, under a constant load of 29.4 N, without lubricant. Other 
parameters measured: 
 wear distance: 20.6 m;  
 duration of the test, t: 1/30 h;  
 rotational speed of the disk: 60 rpm.  

The abrasive wear rate  was calculated by means of Equation (1): 
 

tA
mvn

1000  (1) 

 

where: vn – abrasive wear rate, m/h; m– absolute wear of the weight 
loss of the sample, mg;  – the density of the sample, g/cm3; A – area of 
sample cross section/area of contact, mm2; t – the duration of the test, h. 

During the “ball-on-disc” wear tests µ coefficients of friction 
for the contact with Si3N4 ball and specific wear rate according to 
wear volume were determined. Tests were realized without 
lubricant according to the ISO 20808:2004(E). For “ball-on-disk” 
method the sliding contact is brought by pushing a ball on a 
rotating disc specimen under a constant load (Fig. 3). 

The loading mechanism applies a controlled load Fn to the 
ball holder. 

1

2

Fig. 3. Ball-on-disc setup: 1 – Si3N4 ball, 2 – investigated 
TiC–(Mo, Ni) specimen (disc) 

The friction force was measured continuously during the test 
using the extensometer. For each test a new ball is used. 
Specimens are washed in high purity acetone and are dried. After 
the montage of the ball and sample, materials are washed in ethyl 
alcohol and there are dried. The ball is a true sphere of 1 mm 
diameter. The roughness of the ball (Ra) is not more than 0.1 µm. 
Very often for the wear tests, regarding to the standard 10 mm 
ball is used. But for this size of the ball, the size of the specimen 
should be large enough to enable the testing surface to contain a 
sliding circle more than 30 mm diameter. Because of small size of 
samples the following testing conditions were established: 

applied load: 1 N; 
sliding speed: 0.1 m/s; 
the radius of the wear track, R: 5 mm; 
sliding distance, s: 100 m; 
number of cycles: 3200. 
Friction coefficient was calculated from following Equation (2): 

n

f

F
F  (1) 

where: Ff is the measured friction force, and Fn is the applied 
normal force. 

For the wear track on the disc specimen, the cross-sectional 
profile of the wear track at four places at intervals of 90° using a 
contact stylus profilometer was measured with accuracy of 
measurement in the vertical axis of 0.01 µm, in the horizontal axis 
of 0.1 µm. The cross-sectional area of the wear track was 
calculated using the PC programme. 

Specific wear rate according to wear volume was calculated 
by means of Equation (3): 
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where: WV(disc) – specific wear rate of disc, mm3/Nm; Vdisc – the 
wear volume of disc specimen, mm3; Fn – the applied load, N; L – 
the sliding distance, m; 
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where: R – the radius of wear track, mm; S1 to S4 – cross-sectional 
areas at four places on the wear track circle, m2.

Specific wear rate of the Si3N4 ball according to wear volume 
was also calculated. Dimensions of the wear scare of ball, 
necessary for calculations, were measured using micrometer 
microscope.

The Wire Electro Discharge Machining (WEDM) performance 
preliminary tests have been carried out using EDM wire cutting 
machine EWES 40 CNC (made in the Institute of Advanced 
Manufacturing Technology). A brass wire electrode (alloy M063, 
0.25 mm, tensile strength 900 N/mm2) has been used. During the 

experiments speed of cutting was measured at constant electrical 
parameters (current intensity – 1A; voltage – 105 V). Observation 
on the surface/sub-surface integrity and cross-section has been 
carried out on a scanning electron microscope (JEOL JXA-50A). 

3. Results and discussion 
Microstructures of TiC–(Ni, Mo) composites with the various 

content of TiC are presented in the Fig. 4. 

Fig. 4. Microstructures of TiC–(Ni, Mo) composites with the 
various content of TiC phase, SEM: 2000x, BEC-mode (a, c, e); 
50x, SEI-mode (b, d, f) 

2.  Experimental

2.2.  Research methods

2.1.  Sample preparation
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materials, TiC–metal bonded composites have very good 
electrical conductivity. This feature makes TiC–based hard 
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amount of metallic phase tends to result in noticeable decrease in 
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performance of TiC–(Mo, Ni) composites with various hard phase 
content are presented. 
 
 

2. Experimental 
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In the presented work, for the composites preparation, 
titanium carbide (ABCR GmbH & Co. KG, 2 m average grain 
size, purity 98.5%) as a hard phase and mixture of nickel 
(GoodFellow, 3-7µm average grain size, purity 99.8%) and 
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addition of polyethylene glycol in the Turbula shaker-mixer. After 
homogenization powder mixtures were dried and formed, by the 
single-action cold pressing under pressure of 130 MPa, into 
square plates with dimensions of 16x16x6 mm. The green 
compacts were consolidated by the cold isostatic pressing under 
pressure of 250 MPa. The sintering process was carried out using 
the GERO HTK 8/22G vacuum furnace at the pressure of 0.1 Pa 
and the temperature of 1500oC for 1 h. Conditions of the sintering 
process were determinate using the Ni–Mo phase diagram [16]. 
Sintered compact are presented in Fig. 1. 
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required quality and parallelism of surface for physical, 
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Density of sintered samples were measured by hydrostatic 

method. Uncertainty of measurements was no more than 
0.02 g/cm3 which gave us a relative value of error below 0.5%. 
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the velocity of the ultrasonic waves transition through the sample using 
the ultrasonic flaw detector Panametrics Epoch III. The accuracy of 
calculated Young’s modulus could be estimated to be 2%. 

Sintered compacts for hardness and fracture toughness 
measurements were prepared by lapping them with diamond 
abrasives. The hardness on the polished samples was determined by 
Vickers method using digital Vickers hardness tester Future-Tech 
FM-7 with an indentation load of 9.81 N. The fracture toughness 
was calculated from the length of cracks which develop during a 
Vickers indentation test (hardness tester Frankoskop, with 
indentation load of 294.2 N) using Niihara’s Equation [17, 18]. 

Tribological tests have been carried out using “pin-on-disc” 
and “ball-on-disc” methods. 

Resistance to wear of TiC–based material, using modified 
“pin-on-disc” method, was determinated basing on a document 
DIN 50330. This method involves grinding the sample (bar 4.7 x 
4.7 x 14 mm) housed in the handle and pushed to the rotating disk 
with the SiC sandpaper on the surface (Fig. 2). 

 

 
 

Fig. 2. Pin-on-disc setup: 1 – TiC–(Mo, Ni) specimen, 2 – SiC 
sandpaper, 3 – supporting disc 

 
Grain size of the abrasive material of the sandpaper is 80 m. 

Test was carried out from the circuit of the disk to the center of 
the disk, under a constant load of 29.4 N, without lubricant. Other 
parameters measured: 
 wear distance: 20.6 m;  
 duration of the test, t: 1/30 h;  
 rotational speed of the disk: 60 rpm.  

The abrasive wear rate  was calculated by means of Equation (1): 
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where: vn – abrasive wear rate, m/h; m– absolute wear of the weight 
loss of the sample, mg;  – the density of the sample, g/cm3; A – area of 
sample cross section/area of contact, mm2; t – the duration of the test, h. 

During the “ball-on-disc” wear tests µ coefficients of friction 
for the contact with Si3N4 ball and specific wear rate according to 
wear volume were determined. Tests were realized without 
lubricant according to the ISO 20808:2004(E). For “ball-on-disk” 
method the sliding contact is brought by pushing a ball on a 
rotating disc specimen under a constant load (Fig. 3). 

The loading mechanism applies a controlled load Fn to the 
ball holder. 
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Fig. 3. Ball-on-disc setup: 1 – Si3N4 ball, 2 – investigated 
TiC–(Mo, Ni) specimen (disc) 

The friction force was measured continuously during the test 
using the extensometer. For each test a new ball is used. 
Specimens are washed in high purity acetone and are dried. After 
the montage of the ball and sample, materials are washed in ethyl 
alcohol and there are dried. The ball is a true sphere of 1 mm 
diameter. The roughness of the ball (Ra) is not more than 0.1 µm. 
Very often for the wear tests, regarding to the standard 10 mm 
ball is used. But for this size of the ball, the size of the specimen 
should be large enough to enable the testing surface to contain a 
sliding circle more than 30 mm diameter. Because of small size of 
samples the following testing conditions were established: 

applied load: 1 N; 
sliding speed: 0.1 m/s; 
the radius of the wear track, R: 5 mm; 
sliding distance, s: 100 m; 
number of cycles: 3200. 
Friction coefficient was calculated from following Equation (2): 
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where: Ff is the measured friction force, and Fn is the applied 
normal force. 

For the wear track on the disc specimen, the cross-sectional 
profile of the wear track at four places at intervals of 90° using a 
contact stylus profilometer was measured with accuracy of 
measurement in the vertical axis of 0.01 µm, in the horizontal axis 
of 0.1 µm. The cross-sectional area of the wear track was 
calculated using the PC programme. 

Specific wear rate according to wear volume was calculated 
by means of Equation (3): 
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where: WV(disc) – specific wear rate of disc, mm3/Nm; Vdisc – the 
wear volume of disc specimen, mm3; Fn – the applied load, N; L – 
the sliding distance, m; 
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where: R – the radius of wear track, mm; S1 to S4 – cross-sectional 
areas at four places on the wear track circle, m2.

Specific wear rate of the Si3N4 ball according to wear volume 
was also calculated. Dimensions of the wear scare of ball, 
necessary for calculations, were measured using micrometer 
microscope.

The Wire Electro Discharge Machining (WEDM) performance 
preliminary tests have been carried out using EDM wire cutting 
machine EWES 40 CNC (made in the Institute of Advanced 
Manufacturing Technology). A brass wire electrode (alloy M063, 
0.25 mm, tensile strength 900 N/mm2) has been used. During the 

experiments speed of cutting was measured at constant electrical 
parameters (current intensity – 1A; voltage – 105 V). Observation 
on the surface/sub-surface integrity and cross-section has been 
carried out on a scanning electron microscope (JEOL JXA-50A). 

3. Results and discussion 
Microstructures of TiC–(Ni, Mo) composites with the various 

content of TiC are presented in the Fig. 4. 

Fig. 4. Microstructures of TiC–(Ni, Mo) composites with the 
various content of TiC phase, SEM: 2000x, BEC-mode (a, c, e); 
50x, SEI-mode (b, d, f) 

3.  Results and discussion
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The homogeneity of obtained materials is acceptable with the 
exception of sample with 80% TiC phase content (Fig. 4a, c and e). 
The fraction of macro porosity is larger for the materials with smaller 
content of metallic binder (Fig. 4b, d and f). The microstructures are 
characterized by a ring structure of carbides. In the core of grains (the 
darkest areas in Fig. 4a, c, e) mostly TiC phase is located. The rim of 
grains contain complex carbides such as (Ti, Mo)C (grey areas on 
Fig. 4a, c, e). Outside of grains the metallic bonding phase is visible 
(light grey areas in Fig. 4a, c, e). Described microstructure is formed 
as a result of complex metallurgical processes occurring between TiC 
and (Mo, Ni) bonding phase during the sintering process (e.g. 
dissolution and precipitation, chemical reactions in liquid and solid 
state, diffusion, etc.) [13, 14]. 

In the Table 1 selected physical and mechanical properties of 
investigated materials are presented. Measurements were realized 
for three samples of the each type of materials. 

Table 1. 
Selected physical and mechanical properties of TiC–(Ni, Mo) 
composites  with the various content of TiC phase 

TiC
content 
[vol.%] 

Density 
[g/cm3]

Young’s
modulus

[GPa] 

Hardness
[HV 1] 

Fracture 
toughness, KIC

[MPa m1/2]
70 6.11 ±0.012 353 ±7 1405 ±73 8.6 ±0.62 
80 5.61 ±0.011 368 ±7 1510 ±83 9.5 ±0.76 
90 5.22 ±0.011 396 ±8 1664 ±94 7.8 ±0.56 

The density of composites decrease with the increasing of TiC 
phase content. It is expected and desirable phenomena, because 
titanium carbide have much lower density then metals used for 
bonding component, but from the other side, the density’s decreasing 
is caused also by higher quantity of porosity in the samples with 
higher content of TiC. Expected increasing of Young modulus and 
hardness with carbide phase content is observed. The highest value of 
fracture toughness have sample with  80vol.% of TiC. 

In the Fig. 5 abrasive wear rates of TiC–(Ni, Mo) composites 
with the various content of TiC phase, measured using pin-on-disc 
method are presented. 
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Fig. 5. Abrasive wear rate of TiC–(Ni, Mo) composites with the 
various content of TiC measured using pin-on-disc method 

Samples with higher content of TiC shows lower abrasive 
wear rate because of their higher hardness in comparison with 
materials with low content of carbide phase [19]. In comparison 
with different ceramic materials, tested using pin-on-disc method, 
all investigated TiC–(Ni, Mo) composites are characterized by 
good wear resistance. 

In the Fig. 6 coefficient of friction for  TiC–(Ni, Mo) 
composites with the various content of TiC phase, measured using 
ball-on-disc method is presented.  
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Fig. 6. Coefficient of friction for the Si3N4 ball and specimen 
contact zones 

Coefficient of friction ( ) for all tested samples increase rapidly 
during about 700 first runs. This increasing is caused by interaction 
between Si3N4 ball and TiC composite sample. At this stage of test 
the contact area between ball and disc is enlarged and layer of oxides 
is removed. After about 700th run the biggest difference in values of 
for samples with different TiC content is visible. The higher and the 
lowest values of  have samples with 70 and 90vol.% of TiC 
respectively. From 700th to 3200th cycle (until the end of test) 
coefficient of friction for all samples slowly head to about 0.75. 

In the Fig. 7 specific wear rate according to wear volume of 
TiC–(Ni, Mo) composites and Si3N4 balls, measured using ball-
on-disc method are presented.  
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Fig. 7. Specific wear rate according to wear volume of TiC–(Ni, Mo) 
composites and Si3N4 balls, measured using ball-on-disc method 

For investigated samples monotonic relationship between TiC 
content and specific wear rate was not found. Composites with 
70% and 80% of hardening phase present the lowest and the 
highest wear resistance respectively. This behaviour could be 
caused by high roughness of surface which decrease accuracy of 
wear track cross sectional area calculation (Fig. 8). The specific 
wear rate of Si3N4 balls increase with increasing of TiC content in 
the composites. 
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In the Table 2 WEDM performance of TiC–(Ni, Mo) composites 
with the various content of TiC phase is presented.  

Table 2. 
WED cutting rate of TiC–(Ni, Mo) composites with the various 
content of TiC phase 

TiC content 
[vol.%] 

Cutting rate 
[mm/min] 

70 1.7 
80 1.6 
90 1.8 

All three types of investigated material are characterized by 
good WED machinability. Insignificant differences in the cutting 
rate of composites with different TiC phase content are observed.  

Fig. 9 shows the cross-section and topography of the WED 
machined samples. There are many droplets, craters and pits left 
on the WEDMed surfaces, which indicates that for all samples the 
predominant material removal mechanism is melting and 
evaporation. Recast layer with micro-cracks occurred on each 
tested sample. Sparse, irregular in shape particles on a surface of 
samples indicate spalling as a minor material removal mechanism. 

Fig. 9. TiC–(Ni, Mo) composites with the various content of TiC 
after WEDM tests: cross section (a, c, e) and topography of 
machined surface (b, d, f); SEM 1500x (SEI-mode) 

4. Conclusions 
Three variants of TiC–(Mo, Ni) composites with 70, 80 and 

90vol.% of initial TiC-phase content were obtain by sintering in 
vacuum. All observed samples are characterized by a ring 
microstructure of carbides. The highest values of Young modulus 
and hardness has sample with 90vol.% of TiC. The best fracture 
toughness has  sample with 80vol.% of TiC. 

Resistance to the wear, measured by pin-on-disc method, 
increase wit increasing of TiC content in composites. For ball-on-
disc method monotonic relationship between TiC content and 
specific wear rate was not found. Generally, for this method, 
better wear resistance for both 80 and 90vol.% of TiC samples in 
comparison with 70vol% of TiC sample is observed. 

All types of investigated materials are characterized by good 
WED machinability. Melting and evaporation was recognised as a 
predominant material removal mechanism in the WED machined 
samples. 



87

Mechanical and tribological properties of TiC–based composites for ED machining

Volume 33    Issue 2    October 2008

The homogeneity of obtained materials is acceptable with the 
exception of sample with 80% TiC phase content (Fig. 4a, c and e). 
The fraction of macro porosity is larger for the materials with smaller 
content of metallic binder (Fig. 4b, d and f). The microstructures are 
characterized by a ring structure of carbides. In the core of grains (the 
darkest areas in Fig. 4a, c, e) mostly TiC phase is located. The rim of 
grains contain complex carbides such as (Ti, Mo)C (grey areas on 
Fig. 4a, c, e). Outside of grains the metallic bonding phase is visible 
(light grey areas in Fig. 4a, c, e). Described microstructure is formed 
as a result of complex metallurgical processes occurring between TiC 
and (Mo, Ni) bonding phase during the sintering process (e.g. 
dissolution and precipitation, chemical reactions in liquid and solid 
state, diffusion, etc.) [13, 14]. 

In the Table 1 selected physical and mechanical properties of 
investigated materials are presented. Measurements were realized 
for three samples of the each type of materials. 

Table 1. 
Selected physical and mechanical properties of TiC–(Ni, Mo) 
composites  with the various content of TiC phase 

TiC
content 
[vol.%] 

Density 
[g/cm3]

Young’s
modulus

[GPa] 

Hardness
[HV 1] 

Fracture 
toughness, KIC

[MPa m1/2]
70 6.11 ±0.012 353 ±7 1405 ±73 8.6 ±0.62 
80 5.61 ±0.011 368 ±7 1510 ±83 9.5 ±0.76 
90 5.22 ±0.011 396 ±8 1664 ±94 7.8 ±0.56 

The density of composites decrease with the increasing of TiC 
phase content. It is expected and desirable phenomena, because 
titanium carbide have much lower density then metals used for 
bonding component, but from the other side, the density’s decreasing 
is caused also by higher quantity of porosity in the samples with 
higher content of TiC. Expected increasing of Young modulus and 
hardness with carbide phase content is observed. The highest value of 
fracture toughness have sample with  80vol.% of TiC. 

In the Fig. 5 abrasive wear rates of TiC–(Ni, Mo) composites 
with the various content of TiC phase, measured using pin-on-disc 
method are presented. 
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Fig. 5. Abrasive wear rate of TiC–(Ni, Mo) composites with the 
various content of TiC measured using pin-on-disc method 

Samples with higher content of TiC shows lower abrasive 
wear rate because of their higher hardness in comparison with 
materials with low content of carbide phase [19]. In comparison 
with different ceramic materials, tested using pin-on-disc method, 
all investigated TiC–(Ni, Mo) composites are characterized by 
good wear resistance. 

In the Fig. 6 coefficient of friction for  TiC–(Ni, Mo) 
composites with the various content of TiC phase, measured using 
ball-on-disc method is presented.  
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Fig. 6. Coefficient of friction for the Si3N4 ball and specimen 
contact zones 

Coefficient of friction ( ) for all tested samples increase rapidly 
during about 700 first runs. This increasing is caused by interaction 
between Si3N4 ball and TiC composite sample. At this stage of test 
the contact area between ball and disc is enlarged and layer of oxides 
is removed. After about 700th run the biggest difference in values of 
for samples with different TiC content is visible. The higher and the 
lowest values of  have samples with 70 and 90vol.% of TiC 
respectively. From 700th to 3200th cycle (until the end of test) 
coefficient of friction for all samples slowly head to about 0.75. 

In the Fig. 7 specific wear rate according to wear volume of 
TiC–(Ni, Mo) composites and Si3N4 balls, measured using ball-
on-disc method are presented.  
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Fig. 7. Specific wear rate according to wear volume of TiC–(Ni, Mo) 
composites and Si3N4 balls, measured using ball-on-disc method 

For investigated samples monotonic relationship between TiC 
content and specific wear rate was not found. Composites with 
70% and 80% of hardening phase present the lowest and the 
highest wear resistance respectively. This behaviour could be 
caused by high roughness of surface which decrease accuracy of 
wear track cross sectional area calculation (Fig. 8). The specific 
wear rate of Si3N4 balls increase with increasing of TiC content in 
the composites. 
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In the Table 2 WEDM performance of TiC–(Ni, Mo) composites 
with the various content of TiC phase is presented.  

Table 2. 
WED cutting rate of TiC–(Ni, Mo) composites with the various 
content of TiC phase 

TiC content 
[vol.%] 

Cutting rate 
[mm/min] 

70 1.7 
80 1.6 
90 1.8 

All three types of investigated material are characterized by 
good WED machinability. Insignificant differences in the cutting 
rate of composites with different TiC phase content are observed.  

Fig. 9 shows the cross-section and topography of the WED 
machined samples. There are many droplets, craters and pits left 
on the WEDMed surfaces, which indicates that for all samples the 
predominant material removal mechanism is melting and 
evaporation. Recast layer with micro-cracks occurred on each 
tested sample. Sparse, irregular in shape particles on a surface of 
samples indicate spalling as a minor material removal mechanism. 

Fig. 9. TiC–(Ni, Mo) composites with the various content of TiC 
after WEDM tests: cross section (a, c, e) and topography of 
machined surface (b, d, f); SEM 1500x (SEI-mode) 

4. Conclusions 
Three variants of TiC–(Mo, Ni) composites with 70, 80 and 

90vol.% of initial TiC-phase content were obtain by sintering in 
vacuum. All observed samples are characterized by a ring 
microstructure of carbides. The highest values of Young modulus 
and hardness has sample with 90vol.% of TiC. The best fracture 
toughness has  sample with 80vol.% of TiC. 

Resistance to the wear, measured by pin-on-disc method, 
increase wit increasing of TiC content in composites. For ball-on-
disc method monotonic relationship between TiC content and 
specific wear rate was not found. Generally, for this method, 
better wear resistance for both 80 and 90vol.% of TiC samples in 
comparison with 70vol% of TiC sample is observed. 

All types of investigated materials are characterized by good 
WED machinability. Melting and evaporation was recognised as a 
predominant material removal mechanism in the WED machined 
samples. 

4.  Conclusions
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