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1 Introduction 
Carbon nanotubes have attracted a lot of interest because of their unique structure 

and unprecedented properties such as less than one nanometer in diameter for a 
single-walled nanotube with the elastic modulus and tensile strength as large as 5 TPa 
and 0.8 TPa, respectively[1~4].The exceptional mechanical and physical properties of 
carbon nanotubes, combined with their low density, make this new form of carbon an 
excellent candidate for composite reinforcement. Preliminary studies have been 
carried out on carbon nanotube composites with polymer, metal and ceramic to 
improve their mechanical and electrical properties[5~9]. To successfully achieve the 
outstanding mechanical performances of these new advanced composite materials, the 
issue of the structural integrity and the interfacial bonding between the nanotubes and 
matrix is important. Titanium carbide is a good potential material used in high 
temperature environment for its good strength, erosion resistance and thermal stability 
at high temperatures. Unfortunately, the low fracture toughness is a well-known 
obstacle to its application as structure components. TiC ceramics can be toughened 
and strengthened with the addition of particles, whiskers and fibers[10,11]. In our work, 
Carbon nanotubes were selected to reinforce TiC ceramics. 

In recent years, innovative powder densification technology known as spark plasma 
sintering (SPS) has been an active method for fabricating metals, ceramics and 
composites[12~14]. Compared with other sintering process, such as hot-pressing, the 
SPS allows sintering and sinter-bonding possible at low temperature and short periods. 
These are obtained by charging the intervals between powder particles with electrical 
energy and effectively applying high-temperature spark plasma generated 
instantaneously. Thus, the SPS method is considered to be appropriate for fabricating 
fine-grained ceramics and nanocomposites. It is also promising to improve the 
interfacial bonding between nanotubes and matrix through active surface and rapid 
heat-transfer and mass-transfer in the SPS process. 

The present work investigated a new process for fabricating Carbon Nanotue-TiC 
Nanocomposites by SPS in vacuum with Ni as additive. The characteristics and 
mechanical behavior of the Carbon Nanotue-TiC composites composites with 
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different content have been investigated. 
MWCNTs produced through catalytic vapour decomposition were supplied by the 

Chengdu Insititute of Organic Chemistry of CAS, China. The diameter and length 
distribution of the nanotubes that were used for the present study was about 10 
nm-100nm and 50nm-3μm, as seen in figure 1. Commercially available pure TiC 
powder(average size of 20μm, purity>99%) and Ni powder(average size of 3.1μm, 
purity>99.5%) were used in this investigation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
The nanotube composites were firstly prepared by mixing nanotube/ethanol 

solutions with different nanotube weight fractions into TiC-Ni powder mixtures 
pretreated by ball-milling 4 hours. The mixtures were then sonicated for several hours 
and kept in 30℃ to allow evaporation of the solvent. Dried powders were milled 
again and sieved through a 150μm mesh screen. The mixed powders were put into a 
graphite die with diameter of 25mm and vibrated for homogeneous packing. Then 
carbon nanotube-TiC-Ni nanocomposites with different carbon nanotube 
contents(0,0.5wt% and 2wt%) were sintered by spark plasma sintering(SPS), which 
was carried out in vacuum using Dr Sintering 1020 SPS apparatus(Sumitomo Coal 
Mining Co., Ltd., Japan).The schematic diagram of SPS apparatus is shown in figure 
2. The samples were sintered at 1400℃ with a heating rate of 600℃/min and a 
holding time of 3min. A pressure of approximately 40MPa was applied from the 
beginning of sintering and also held for 3 min. Then the sintering sample was fast 
cooled to 600℃ within 2-3 min. Samples of pure carbon nanotubes were also 
fabricated under the same conditions. The temperature was measured by means of an 
optical pyrometer focused on the graphite die surface. 

 
Fig. 2. Schematic diagram of the apparatus for spark 
plasma sintering (1, graphite die; 2, graphite plates; 3, 
ram; 4, graphite punch; 5, sample; 6, vacuum chamber; 
7, optical pyrometer; 8, SPS pulsed generator ). 

 
Fig.1 TEM image of carbon 
nanotubes powder before sintering  

Densities were measured by immersion in distilled water using Alchimedes 
principle. Sintered samples were cut and ground into bar specimens with 4×3×
18mm.Bending strength was measured with polished bars using three-point bending 
test and fracture toughness was measured through SENB(Single-edge notched beam) 
method with a span length of 10mm and crosshead speed of 0.5mm/min in Shimadzu 
DCS-5000. TEM and SEM observations were carried out using a Jeol 200CX 
Transmission Electron Microscope and a Philips XL20 Scanning Electron Microscope, 
respectively. 



2 RESULTS & DISCUSSION 
The results of porosity and mechanical properties versus carbon nanotube content 

are shown in Table 1. It shows that the porosity is minimized first with 0.5wt% carbon 
nanotubes additive and then takes a rise with 2wt% carbon nanotubes additive. The 
bending strength of carbon nanotube –TiC-Ni composites increases to 810MPa with 
However, the strength values of the samples fabricated by SPS are generally markedly 
lower than those of carbon nanotube-free TiC-Ni composites fabricated by other 
methods reported[15,16]. The fracture toughness values show the same trend as the 
bending strength versus carbon nanotubes contents. The fracture toughness of the 
samples with 0.5wt% carbon nanotubes additives are higher than that of the carbon 
nanotube-free TiC-Ni composites and has got the mean maximum of 13.6MPa·m1/2. 
The bending strength and fracture toughness decrease at 2wt% carbon nanotubes 
content may be due to the lower relative density. 

Table1  Carbon nanotubes contents and some properties of the SPS samples 

Carbon nanotubes contents(wt%) 0 0.5 2 
Porosity(%) 11.2 11 16.8 
Bending strength(Mpa) 760 810 545 
Fracture toughness(MPa•m1/2) 11.5 13.6 8.0 

 
SEM observations of sample surfaces of pure carbon nanotubes reveal that most 

carbon nanotubes still retain tube-like images and take on random state after SPS 
process(seen in Fig.3a) , which means that carbon nanotubes have not been greatly 
damaged by SPS treatment and SPS is appropriate to fabricate carbon nanotubes 
composites. But the sample is too loose to characterize its mechanical properties. 
Fig.3.b,3.c.and3.d shows the surface morphologies of the SPS samples of composites. 
The diameter of TiC particles is from 3μm to 10μm. Ni locates evenly on the 
boundaries of TiC particles in all samples. The grain size of TiC tends to decrease and 
becomes unevenly as the CNT content increases. All samples are not very dense. The 
pores may be induced by the high fusion and precipitation of Ni in the SPS procedure 
and poor cohesion between the entangled CNTs group and TiC-Ni grains. Some 
graphite particles are present in the composites and the sample of pure carbon 
nanotubes after SPS process, which may be produced by the local high temperature 
and activated nanotubes surface in SPS procedure. These particles may weaken the 
mechanical properties. The weakened bending strength is chiefly related with these 
causes. 
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Fig.3 SEM image of surface of sintered sample: a. pure carbon nanotubes; b. TiC-Ni composite; c. 

TiC-Ni-0.5wt%CNT composite; d. TiC-Ni-2wt%CNT composite 
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Fig.4. SEM images of the fractured surface of samples: a TiC-Ni-0.5wt%CNT composite; b. 
TiC-Ni-2wt%CNT composite 

 
The SEM observations of the fractured surface of the specimens(as shown in Fig.4) 

display typical brittle fracture of intergranular yupture. However, there are nanotubes 
pull-out and bridge existing in the fracture surface, which could dissipate some 
fracture energy and improve the fracture toughness. The observations of composite 
show carbon nanotubes were distributed well in the sample of 0.5wt% carbon 
nanotube content, but some carbon nanotubes were aggregated in composites of 2wt% 
carbon nanotubes content. It seems that CNT and TiC may form a strong interface in 
SPS procedure when CNT distributed well, as seen in Fig.5a, detailed study on the 
interface will be shown in another paper. In Fig.5b and 5c,Striations are clearly 
observed over the large area of the fracture surface in carbon nanotube composites. It 
was found that striations are formed mainly at the immediate vicinity of the carbon 
nanotubes, which may also do contribution to the fracture toughness. The present 
results indicate that with appropriate addition of carbon nanotubes and spark plasma 
sintering process, the fracture toughness of TiC-Ni composites can be improved.  
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Fig.5 SEM images of the fractured morphology: 
a. the flexible CNT embedded in TiC particle; b 
fracture surface near CNTs region; c enlarged 
image of striations at the vicinity of the carbon 
nanotubes  

 
 
3 CONCLUSIONS 
Carbon nanotube-TiC-Ni nanocomposites with different carbon nanotube 

contents(0,0.5wt% and 2wt%) were sintered by spark plasma sintering, the porosity is 
minimized first with 0.5wt% carbon nanotubes additive and then takes a rise with 
2wt% carbon nanotubes additive. The bending strength and the fracture toughness 
values show the same trend as the density versus carbon nanotubes contents. These 
samples have ordinary bending strength and high fracture toughness when compared 
with samples fabricated by other methods. The fracture toughness of the samples with 
0.5wt% carbon nanotubes additives has got the mean maximum of 13.6MPa·m1/2. 
The presence of carbon particles and the high fusion and precipitation of Ni in the 
SPS procedure weaken the samples, but the nanotubes pull-out and bridge and 
striations exist in the fracture surface dissipate some fracture energy and improve the 
fracture toughness. The results proved that SPS is a potential method for fabrication 
carbon nanotube-TiC composites and CNT can improve the mechanical properties of 
composites, but more work on CNT dispersion and CNT-base interface should be 
done to optimize microstructures and properties of the carbon nanotube 
nanocomposites. 
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