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Abstract Carbon nanotube reinforced Cu–Ti alloy (CNT/
Cu–Ti) composites are fabricated by a powder metallurgical
method. The interfacial bonding of CNT/Cu–Ti composites
is evidently improved, which is attributed to the formation
of a thin layer of TiC at the interface. The thermal conduc-
tivity of the composites increases by 7.5 % and 15.1 % com-
pared to that of Cu–Ti matrix at CNT loadings of 5 vol.%
and 10 vol.%, respectively. The matrix-alloying is there-
fore an effective way to enhance the thermal conductivity
of CNT/Cu composites.

1 Introduction

Carbon nanotubes (CNTs) have great potential applications
due to their very large aspect ratio, high rigidity and high
tensile strength, excellent electrical conductivity, and ther-
mal conductivity, which make them suitable candidates in
preparing composites with newly excellent properties [1].
During the last few years, novel CNT/metal composites have
been developed and a number of researchers have reported
improved mechanical properties in the case of these com-
posites compared to the pure metals. In an ideal situation,
a fully dense composite with a perfect CNTs dispersion
throughout metal matrix while avoiding any CNTs dam-
age and agglomeration during processing is required, with
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the aim of controlling CN/metal performance [2, 3]. A re-
cent comprehensive review [4] discusses the various pro-
cessing routes developed in order to explore the use of CNTs
in metal matrix composites, and summarizes the resulting
properties. In addition, Cu matrix composites with a low
thermal expansion, high electrical, and thermal conductiv-
ity coefficients have been studied for a variety of applica-
tions [5], and CNT-reinforced Cu matrix (CNT/Cu) com-
posites are very attractive to meet the increasing demands
for high performance thermal management materials used
in heat sinks and electronic packages [6–10].

In the case of CNT/Cu composites, it is known there is a
very weak bonding between CNT and pure Cu matrix since
Cu is known to be naturally nonwetting with CNT [7]. Pre-
vious research has indicated that heat transport in a CNT/Cu
composite would be limited by the weak interfacial bonding
of CNT-Cu, and that the thermal conductivity of the compos-
ite would be much lower than the value estimated from the
intrinsic thermal conductivity of the nanotubes and their vol-
ume fraction [8–11]. In order to solve the interface problem
between copper and CNTs, an effective method to improve
the interfacial bonding is through the deposition of metal-
coating layers on the CNTs [7, 12]. The metal-coating CNTs
could efficiently reduce the interface energy mismatch be-
tween the copper matrix and the CNTs, therefore, the bond-
ing strength and whole properties of the composites can be
improved. Nevertheless, the recent experimental results in-
dicated that the thermal conductivities of the nickel-coated
nanotube reinforced copper composite were slightly lower
than those of the sintered copper-nickel matrix [12]. The
possible reason is that the coating process can introduce ad-
ditional impurities to the final compact material (e.g., com-
ing from chemicals used in the coating process), which can
act as scattering points, resulting in great drop in thermal
conductivity. Moreover, the coating layer is easily damaged
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Fig. 1 SEM image of purified CNTs (inset for HRTEM image of a
section of the wall of one of the nanotubes)

during the subsequent densification processing, which can
weaken and even destroy the integration between CNTs and
metal matrix and cause a significant degradation in thermal
conductivity.

On the other hand, it is well known that alloying of cop-
per with a strong carbide forming element promotes wetting
and bonding of carbon materials [13, 14]. However, to-date,
there are very few experimental studies focusing on the use
of alloying elements added to the copper matrix to modify
the interface between the CNTs and copper matrix. The in-
fluence of the interface formation on the thermal conductiv-
ity of these composites is also not yet fully understood. In
this work, we investigate the effect of the titanium applied
as a matrix-alloying element on the thermal conductivity of
CNT/Cu composites.

2 Experimental

Prealloyed Cu-0.85 wt.% Ti powders with a mean particle
size of 15 µm prepared by gas atomization were used as ma-
trix materials. The CNTs used in this study were commer-
cially available as multiwalled CNTs, which were fabricated
by the catalytic decomposition of CH4. The CNTs have an
average outer diameter of 10 nm, lengths of up to 15 µm,
and a density of 1.7 g/cm3. The ultrasonic cleaning (in con-
centrated nitric acid) was performed to remove the impuri-
ties in as-received CNTs. It is shown in SEM image (Fig. 1)
that the purified CNTs are curled, kinked, and some of them
are highly twisted with each other because of the strong in-
tertube van der Waals attraction. The inset of Fig. 1 shows a
high-resolution TEM image of a section of the wall of one of
the nanotubes, exhibiting the high-quality of nanotube with
clearly graphene layers in the wall. The wall interspacing
was averaged at 0.34 nm, which is typical of the (002) basal
plane of graphite.

Table 1 Thermal conductivity measurements of the composites

Samples CNT content
vol.%

Thermal conductivity
W/mK

Relative density
%

CNT/Cu 0 325 99.8

5 321 99.6

10 318 99.2

CNT/Cu–Ti 0 315 99.7

5 348 99.3

10 362 99.0

In order to obtain a high dispersion of CNTs in matrix
powders, the CNTs with 5 and 10 vol.% were mixed with
Cu–Ti powders by a high-energy ball-milling process at an
optimum mixing condition of 1200 revolutions per minute
(rpm) in rotary speed and 120 min in duration. The ball-to-
powder weight ratio was set to 10:1, and alcohol was added
as a process control agent. The compact powders were sin-
tered to disk-shaped samples by hot pressing. The sintering
parameters were adjusted to ensure the fully densified mi-
crostructure for all samples. The sintering parameters are at
780 °C for 15 min under the uniaxial pressure of 40 MPa.
For comparison purposes, the sintered pure Cu and Cu–Ti
specimens and the CNT/Cu composites with CNT contents
of 5 vol.% and 10 vol.% without Ti addition were also fab-
ricated under the same processing. Density of the samples
was measured by the Archimedes method and their theoret-
ical density calculated by the rule of mixtures assuming the
densities of 8.96 g/cm3 for matrix and 1.7 g/cm3 for CNTs;
accordingly, all samples were >99 % of the theoretical den-
sity to avoid the influence of the porosity of specimens (Ta-
ble 1).

The microstructure of the composites was character-
ized by SEM equipped with energy dispersive X-ray spec-
troscopy (EDS), and high-resolution transmission electron
microscopy (HRTEM). The room temperature thermal dif-
fusivity of the specimens was measured using a transient
thermal flash technique. In the measurements, an instan-
taneous surface heat source was created by a laser pulse
absorbed by a sample surface. The thermal wave spread
across the sample thickness and emitted a gradually in-
creasing infrared thermal radiation detected by a signal de-
tector with preamplifier. The detector signal was recorded
and converted to data information by a data acquisition de-
vice, which was directly transmitted to a computer. The
specific heat of the specimens was measured using a dif-
ferential scanning calorimeter with reference materials of
single crystal alumina under argon gas. The thermal con-
ductivity of the composites was then calculated as a prod-
uct of the density, thermal diffusivity and specific heat.
The measurements of thermal conductivity are listed in Ta-
ble 1.
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Fig. 2 (a) Morphologies of
10 vol.% CNT/Cu–Ti mixed
powders and (b) EDS mapping
profile of 10 vol.% CNT/Cu–Ti
composites (C signals)

Fig. 3 HRTEM images of the
interface in (a) CNT/Cu
composites and (b) CNT/Cu–Ti
composites

3 Results and discussion

Figure 2(a) illustrates the uniformly blended Cu–Ti powders
and CNTs. It is clearly noticed that the CNTs are mainly re-
siding on the surfaces of the alloy powders, and the CNT
agglomerates can not been found in the powder mixtures.
Figure 2(b) shows the EDS map parallel to the surface of
10 vol.% CNT/Cu–Ti composite. EDS mapping reveals that
the C element is homogeneously mixed in the matrix. This
indicates that the combined ball-milling and hot-pressing
applied in the present work is effective to achieve the com-
posites with uniform dispersion of the CNTs in the ma-
trix.

HRTEM is utilized to study the interface microstruc-
ture of the composites, as shown in Fig. 3. It is evident
in Fig. 3(a) that the interface between the pure copper and
the CNT is weak, where the clear fissure is observed. It is
well known that the determining factor for wetting is surface
tension. In general, CNT (carbon) surface tension ranges
from 100 to 200 mN/m [15], while Cu surface tension is
1270 mN/m [14, 15]. This means that the Cu matrix will not
wet the CNT surface due to the large difference in these sur-
face energies. In addition, Cu is not expected to have any
chemical reaction with the CNTs according to the Cu–C
phase diagram [16]. Hence, the poor wettability of CNT by
copper results in low interface adhesion of this composite
system. In contrast, it is obvious in Fig. 3(b) that there is a
diffusion TiC reaction layer between CNT and Cu–Ti matrix
in CNT/Cu–Ti composites, which can chemically enhance
the interfacial bonding.

In Ti–C system, the chemical reactions and the corre-
sponding free energy can be represented by the equations
below [17]:

Ti + C = TiC, �GTiC = �G0
TiC + RT ln

aTiC

aTi
(1)

where G0 refers to the standard free energy of formation
per mol of carbon, a denotes activity, R the universal gas
constant, and T the absolute temperature at which the re-
action takes place. The thermodynamic properties of CNTs
are assumed equal to graphite due to lack of the data for
CNTs. Nonetheless, the Ti–C system might be also accu-
rate for the Ti–CNT system well, because for both graphite
and CNT the reacting planes are the same (the (0001) basal
and the (101̄0) prism planes) [18]. Substituting the thermo-
physical parameters [17, 19], the free energy of formation of
TiC (�GTiC) at the sintering temperature of 1053 K is ob-
tained as −157.6 kJ/mol, which implies that the above reac-
tion spontaneously progresses during the sintering process.
Generally, carbide formation is restricted at the CNT/metal
interface due to the absence of a prism plane in CNTs,
while these damaged CNTs have broken carbon bonds in
the prism planes of outer surface and tips, which would fa-
cilitate the formation of carbides in the presence of strong
carbide forming element [18, 20]. In the present work, dur-
ing the ball milling process, CNTs receive impact energy
from the balls and this breaks the CNTs and produces the
defect sites on the surface of the CNTs. The defects on the
CNT walls can also be created by thermal disturbance intro-
duced in the lattice structure, when exposed at reaction tem-
perature. Moreover, the unstable dangling bonds at joints of
CNTs are found leading to highly reactive properties. All
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of the damaged or defect sites on the surface of CNTs are
more prone to reaction-product formation. The formation of
TiC on the surface and tips of the CNTs improves the wet-
tability and the interfacial adhesion of CNTs and Cu–Ti ma-
trix.

The experimental thermal conductivities of CNT/Cu–Ti
and CNT/Cu composites at 5 vol.% and 10 vol.% loadings
are shown in Fig. 4. It confirms that alloying of the copper
matrix with the carbide-forming element Ti has a positive
effect on the thermal conductivity of the CNT reinforced
copper composites. As seen, with 5 vol.% and 10 vol.%

CNTs, the thermal conductivities of CNT/Cu–Ti composites
increase by 7.5 % and 15.1 %, i.e., to 342 and 366 W/mK
from 318 W/mK of Cu–Ti matrix, respectively. Without al-
loying, the addition of CNTs does not present any enhance-
ment and, on the contrary, slightly reduces the thermal con-
ductivity of CNT/Cu composites.

The conductivity measurements are compared with theo-
retical predictions, using the model of Nan et al. [21], which
includes the effect of interfacial thermal resistance (RK ) and
assumes a random distribution of the reinforcing CNTs:

Ke

Km

= 3(Kx/Km + 1) + f [2(Kx/Km − 1) + (Kx/Km + 1)(Kz/Km − 1)]
3(Kx/Km + 1) − 2f (Kx/Km − 1)

(2a)

Kx = Kc

2RKKc/d + 1
, Kz = Kc

2RKKc/L + 1
(2b)

Material properties Ke,Kc , and Km are the thermal conduc-
tivities of the composite, the CNT and the matrix, respec-
tively; Kx and Kz are the effective thermal conductivities
of the CNTs along transverse and longitudinal axes, respec-
tively; f is the CNT volume fraction; d and L are the diam-
eter and length of CNT, respectively. In the calculations, the
thermal conductivities of Cu–Ti alloy, pure copper and CNT
are taken to be 318 W/mK (measured value), 331 W/mK
(measured value) and 3,000 W/mK [22], respectively. The
average diameter and length of CNTs are 10 nm and 15 µm
determined by SEM observations, respectively. Given these
parameters, we obtain fits to our data, as shown in Fig. 4,
with RK = 6.5 × 10−8 m2 K/W for CNT/Cu–Ti compos-
ites and RK = 8.4 × 10−7 m2 K/W for CNT/Cu compos-
ites. This indicates that the interfacial thermal resistance of

Fig. 4 Thermal conductivity measurements and predictions (Eqs. (2a),
(2b)) of CNT/Cu–Ti and CNT/Cu composites versus CNT content

CNT/Cu composites exceeds that of CNT/Cu–Ti compos-
ites by one order of magnitude. Hence, the large interfacial
thermal resistance in CNT/Cu composites considerably lim-
its the utility of CNTs for enhancing thermal properties of
copper materials and causes the thermal conductivity of the
composites even lower than that of copper matrix.

In general, for metal/CNT composites, electrons domi-
nate heat conduction in metals, whereas phonons dominate
heat in CNTs. Hence, for heat transport to occur across
CNT–metal interfaces, energy transfer must occur between
electrons and phonons [23, 24]. Therefore, for the present
CNT/Cu composites, the interface scattering of electrons
and phonons is higher due to the poor bonding between cop-
per matrix and CNTs, which results in a large interfacial
thermal resistance at the CNT–Cu interface, thereby reduc-
ing the thermal conductivity of the overall system. Presence
of metallurgy bonds between the CNTs and the copper ma-
trix due to the formation of a very thin interface layer of a
carbide phase facilitates the necessary electron-phonon cou-
pling and reduces the scattering of electrons and phonons at
the interface, in turn improves the thermal conduction in the
overall composite.

4 Conclusions

In summary, the Ti applied as a matrix-alloying element is
used to improve the interfacial bonding and thermal con-
ductivity of CNT/Cu composites. The microstructure anal-
ysis suggests that the high embedding CNTs and strong in-
terfacial bonding can be successfully achieved through the
formation of thin TiC layer at the interface. The thermal
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conductivity of CNT/Cu–Ti composites is significantly en-
hanced compared to that of CNT/Cu composites. Our find-
ings would help to understand the effect of interface inter-
action between CNTs and Cu matrix on the thermal proper-
ties of CNT/Cu composites and provide a hint for preparing
composites with optimal thermal properties.
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