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Abstract
Densified multiwalled carbon nanotube (MWNT)–TiN composites with various MWNTs contents were successfully obtained through a spark

plasma sintering (SPS) method. The thermal conductivity k was found to increase with the MWNT amount and temperature. In the presence of

5 wt% MWNTs, there was a 97% enhancement in k at 703 K compared with that of TiN. The high thermal conductivity of MWNTs, a good

interfacial combination and a homogeneous dispersion of MWNTs are key issues to enhance the thermal conductivity of MWNT–TiN composites.
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1. Introduction

Carbon nanotubes (CNTs) are proposed as fillers in CNTs

composites based on their unique physical properties [1–4]. In

particular, a recent value of 3000 W m�1 K�1 for the thermal

conductivity of an individual MWNT [5], which is remarkably

higher than for any known thermal conducting materials of

diamond or graphite, shows that superior thermal properties of

the graphite plane are realized by carbon nanotubes. Extremely

high thermal conductivity is theoretically predicted for CNT,

due to large phonon mean free path in strong carbon sp2 bond

network of CNT walls [6,7]. Many efforts have been focused on

the increase in the thermal conductivity of organic fluids or

polymers filled with relatively low concentration of CNTs [8,9].

The obtained results are intriguing for the researchers. For

example, Biercuk et al. [6] fabricated SWNT-epoxy composites

and measured a thermal conductivity enhancement greater than

125% at 1.0 wt% nanotube loading. Liu et al. [10] found the

thermal conductivity to exhibit a 65% enhancement with

3.8 wt% CNT loading in CNT-silicone elastomer composite. In

addition, thermal conductivity enhancement has been observed

in CNT suspensions [9,11,12].
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However, there is few study on the thermal properties of

CNT-ceramic composites [13]. The investigations on inorganic

solid composites containing CNTs are quite difficult, since

homogeneous dispersion of the CNTs is more difficult to

achieve in solid composites than in liquid [10,13]. Especially

there are few reports on the thermal conductivities of dense

nitride-CNTs composites until now. Titanium nitride (TiN) is a

very important material widely used as coating material and in

semiconductor industry for its high hardness, abrasion

resistance, as well as excellent electrical and thermal transfer

properties [14,15]. In this paper, dense MWNTs–TiN compo-

sites with various MWNTs contents were successfully

fabricated by SPS technology. The microstructure and the

thermal properties including thermal capacity, thermal diffu-

sivity and thermal conductivity, were systematically investi-

gated.

2. Experimental procedure

MWNTs with diameters of 10–30 nm and lengths of 2–

500 mm (Shenzhen Nanotech Port Co. Ltd.) were oxidized by

refluxing at 140 8C in concentrated nitric acid for 6 h. The

obtained acidic MWNTs were dispersed in distilled water by

ultrasonication. 10 vol% of Ti(OC4H9)4/ethanol solution was

dripped into the above stirred MWNTs suspension until the

final Ti:H2O molar ratio reached 1:150. After further rinsing
d.
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Fig. 1. XRD patterns of (a) MWNTs, (b) TNC-0.1, (c) TNC-1 and (d) TNC-5

composites. To clarify the peak of MWNTs, the XRD peak is magnified by five

times (5�).
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and drying, the Ti precursor with MWNTs was calcinated at

300 8C for 2 h. Then the composite powder was loaded into a

quartz boat and heated in flowing NH3 (1 L min�1) at 800 8C
for 5 h in a tube furnace to obtain MWNTs–TiN composite.

According to the initial additive content of the acidic MWNTs

(in wt%: 0, 0.1, 1 and 5), the obtained composites are

designated as TN, TNC-0.1, TNC-1 and TNC-5, respectively,

as seen in Table 1.

Using as-prepared composite powders, disks of 10 mm in

diameter and 2 mm in thickness were obtained by SPS (Dr.

Sinter 2080 SPS apparatus) at 1250 8C under 50 MPa for 2 min

in vacuum. The composition of the composites was character-

ized by X-ray powder diffraction (XRD, D/max 2550 V,

Rigaku, Japan). Raman spectra (Labram-1B, JY Co., France) of

MWNTs and MWNTs–TiN composites were recorded at room

temperature, using a Micro-Raman system. Transmission

electron microscopy (TEM, JEM 2100F, JEOL, Tokyo, Japan),

energy-dispersive spectroscopy (EDS, Model ISIS, Oxford

Microanalysis Group, Link, High Wycombe, UK) and field

emission scanning electron microscopy (SEM, JSM 6700F,

JEOL, Tokyo, Japan) were used to observe the fracture surfaces

of the MWNT–TiN composites. Archimedes’ method was used

to measure the composite density. The density of pure TiN and

MWNTs is 5.4 and 2.1 g cm�3 (claimed by the manufacturer),

respectively. Specific heat capacity values were obtained by

using a thermal analysis meter (DSC-2C, USA). The laser flash

method was adopted to measure the thermal diffusivity using

the Netzsch LFA427 measuring apparatus (Netzsch, Bayern,

Germany).

3. Results and discussion

XRD patterns of the MWNT–TiN composites obtained after

nitridation are shown in Fig. 1. The XRD peaks correspond well

with the reported values of TiN (JCPDS 87-0682). Due to the

restriction of XRD measurement, the content of MWNTs below

5 wt% in the composite is not well detected. For clarification,

the small peak at 26.068 for TNC-5 composite, which is

attributed to the characteristic peak of MWNTs, is enlarged by

five times. The existence of the characteristic peak indicates the

preservation of MWNTs in the composite after SPS sintering.

Raman spectroscopy was used to further investigate the

characteristic structures and properties of MWNTs after SPS

sintering. Raman spectra of pure MWNTs and MWNTs–TiN

composites with various MWNTs contents are shown in Fig. 2.

In the frequency range from 1200 to 1700 cm�1, two peaks

were observed at 1323 and 1578 cm�1. The peak at 1323 cm�1
Table 1

Properties of MWNT-reinforced TiN nanocomposites consolidated by spark-

plasma sintering at 1250 8C for 2 min

Materials MWNTs

content (wt%)

MWNTs

content (vol%)

Relative density

(% TD)

TN 0 0 100

TNC-0.1 0.1 0.26 100

TNC-1 1 2.55 98.6

TNC-5 5 12.0 97.8
corresponds to disorder-induced phonon mode (D-band) of

MWNTs, and the peak at 1578 cm�1 can be assigned to E2g-

band of MWNTs. The incorporation of MWNTs in the

composite after SPS sintering does not produce a significant

change in the Raman peak location of the nanotube breathing

modes, indicating that the tubular structure of the nanotube is

essentially preserved [16,17]. The intensity of the band located

at 1323 cm�1 increases with increasing feeding mass ratio of

MWNT to TiN, implying the increase of MWNT content of the

composites [18]. There is a lot of experimental evidence that

any sidewall derivatisation of carbon nanotubes significantly

changes the ratio of D/G line intensities [19,20]. From Fig. 2,

the D/G line ratio of MWNTs changes after incorporation with

TiN matrix, which is supposed due to the interfacial interaction

between MWNTs and TiN. In our previous work, the chemical

adsorption between MWNTs and TiN was confirmed [21].

Raman results indicate that MWNTs in the composites

maintain their characteristic structures, which consist with

the SEM observations (see the discussion below), and have

interacted with TiN.
Fig. 2. Raman spectra of (a) MWNTs, (b) TNC-5, (c) TNC-1 and (d) TNC-0.1

composites.
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The microstructure of the MWNT–TiN composite powders

is shown in Fig. 3a. The EDS spectrum (inset in Fig. 3a)

indicates that nanoparticles anchored on the nanotubes consist

of TiN. The tiny TiN nanoparticle is well attached onto the

outwall of the MWNTs, with a diameter of ca. 5–10 nm. SEM

images of pure TiN and dense MWNT–TiN composites in the

presence of 0.1, 1 and 5 wt% MWNTs are also shown in

Fig. 3b–e. The nanotubes clearly survived from the processing

and sintering, which is consistent with the XRD and Raman

results. For the pure TiN ceramic, the size of a single hexagonal

TiN grain is 100–150 nm. The morphology of the cross section

has clear edges and corners, which denotes the intergranular
Fig. 3. (a) A typical TEM image and EDS spectrum of MWNT–TiN powder;

and SEM images of (b) pure TiN ceramic and MWNT–TiN densified compo-

sites in the presence of (c) 0.1 wt%, (d) 1 wt%, and (e) 5 wt% MWNTs,

respectively.
fracture mode. With the addition of MWNTs, the interface of

grains becomes blurry and rugged, suggesting both the

intergranular and the intragranular fracture modes exist in

the composites. No notable agglomerates or phase separation

between carbon nanotubes and TiN matrix are observed and

MWNTs appear as individual with random orientation.

Uniform dispersion and the interficial conjuction of MWNTs

in the matrix are important issues that affect the properties of

the composites [10]. Based on the homogeneous distribution of

MWNTs in the matrix and good interfacial interaction, severe

aggregation of MWNTs was not found in SEM images with

increasing MWNT content. However, the relative density of the

composites decreases with increasing MWNT content, as seen

in Table 1. The main reason is that more quantity of MWNTs in

the matrix leads to more interfaces and pores, and inevitably

some MWNTs aggregation appear, which decrease the relative

density of MWNTs–TiN composites.

Thermal properties including specific heat capacity (Cp),

thermal diffusivity (a2) and thermal conductivity (k) of

MWNTs–TiN composites have been investigated in detail.

The Cp, a2 and k of both pure TiN and MWNT–TiN composites

with various MWNTs contents versus temperature are shown in

Fig. 4. In the measured temperature region, the Cp values

slightly increase with increasing temperature. The Cp values are

also found to increase with the MWNT amount. It has been

reported that the increase of Cp in these composites is due to the

contribution of MWNTs [13]. In the presence of 0.1 wt%

MWNTs, the value of Cp is similar to that of pure TiN.

The thermal diffusivity (a2) is a measure of the phonon mean

free path. It is more recently appreciated that phonons dominate

thermal transport at all temperatures in carbon materials [8,22].

In general, the values of a2 increase with the temperature in the

measured region as shown in Fig. 4b. An interesting

phenomenon must be noted, that is, the a2 shows abnormal

high value in the presence of 0.1 wt% (0.26 vol%) MWNTs.

Due to the high aspect ratio, the percolation threshold for

nanotube composites can be well below 1% in volume [8,23].

The conducting nanotubes distribute randomly in the matrix

connect the opposite faces of the matrix to act as passages for

transporting thermal energy [25]. This, in principle, should

allow for rapid heat flow along the percolated tube network and

further enhancement of thermal transport [23]. The thermal

diffusivities of the composites decrease upon further nanotube

addition ( f > 1 vol%). The reduced thermal diffusivity

indicates enhanced phonon scattering, possibly due to covalent

interaction between MWNTs and TiN. Such interaction will act

as scattering centers for phonons propagating along the tube

axis, thus reducing thermal diffusivity of the composites [24].

Morever, with further nanotube addition, the turbostratic

stacking of adjacent walls is more significant to reduce the

mean free path [25,26].

Thermal conductivities (k) of the MWNT–TiN composites

are calculated following the equation k � a2Cpr. Here r is the

density of the composites and measured by Archimede’method.

With the increase of the temperature and MWNT amounts, the

thermal conductivities of MWNT–TiN composites increase. It

has been suggested that a covalent attachment between the



Fig. 4. Temperature dependence of (a) specific heat capacity, (b) thermal

diffusivity, and (c) thermal conductivity of MWNT–TiN composites with

various MWNT contents.
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nanotube and the matrix is an effective way to alleviate negative

effects of large interfacial resistance present in carbon nanotube

composites [23]. To synthesize the MWNT–TiN composites,

the functionalized nanotube with acidic groups was used to

realize the covalent attachment of TiN nanoparticles to the

tubes [21]. The thermal conductivity k was found to increase

with both increasing MWNT amounts and temperature. In

Fig. 4c, in the presence of 5 wt% MWNTs, the thermal

conducitivity of the composite exhibits an enhancement of 11%

compared to that of pure TiN ceramic at 373 K. At 703 K, there

is a 97% enhancement in k with 5 wt% MWNTs loading.
How the MWNTs enhance the thermal conductivity of the

composite may be attributed to the reasons below. First, it is

well known that the thermal conductivity of MWNTs

(3000 W m�1K�1) is several orders of magnitude higher than

that of pure TiN ceramics (16.8 W m�1K�1). The ultrahigh

thermal conductivity of the nanotubes incorporated with the

TiN matrix enhances the thermal conductivity of the

composites [27]. Second, covalent combination of MWNTs

and TiN [21] are benefical to reduce tube-matrix thermal

boundary resistance and thus improve the thermal conductivity

of the composites. From SEM images, no phase separation

between the carbon nanotubes and TiN matrix, and a great

aggregation of the nanotubes in the matrix are observed, which

indicate an effective interfacial interaction is realized. Third, a

good dispersion of MWNTs in the TiN matrix observed from

SEM images facilitates a sufficient loading of MWNTs with

ultrahigh thermal conductivity to the matrix.

4. Conclusions

This work reports the fabrication of dense MWNT–TiN

composites by SPS in the presence of various MWNT amounts

with enhanced thermal conductivities. Raman results and

microstructure investigation indicate that MWNTs in the

composites maintain their characteristic structures and a good

interfacial interaction between the nanotubes and TiN are

obtained. The thermal conductivity k was found to increase

with increasing MWNT amounts and temperature. In the

presence of 5 wt% MWNTs, there was a 97 and 11%

enhancement in k at 703 and 373 K, respectively, compared

with that of TiN. The ultrahigh thermal conductivity of the

nanotubes in the matrix, a tight interfacial interaction and a

homogeneous distribution of MWNTs enhance the thermal

conductivity of the composites.
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