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A carbon nanotube and copper composite was synthesized using electroless plating and freeze-drying for
green processing, and spark plasma sintering for densification. A magnetic field of 1 T was applied during the
freeze-drying process to align the carbon nanotubes along the main axis. Results show that the magnetization
process enhanced the alignment and thermal conductivity properties of the final Cu–CNT product (up to
386% in one example), but the properties were lowered overall due to interfacial bonding and particle mixing
difficulties, with the results being 5–15% of the thermal conductivity of pure copper.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have enormous potential in a wide-
range of applications due to their high mechanical strength, and
unique physical properties [1–4]. There have been many attempts to
fabricate composites with CNTs, with metals, ceramics, and polymers
as the matrix materials [5–8]. Copper–CNT composites are promising
materials for thermal management, due to the potential for high
thermal and electrical conductivity [9–12]. The thermal conductivity
of an individual multi-walled carbon nanotube is calculated to be
greater than 3000 W/m K, while the textbook value for thermal
conductivity of pure copper is 400 W/m K [13]. It is desirable to
develop a new kind of composite, with the enhanced properties of the
carbon nanotube improving the performance of the copper matrix
material. This material would have advantages in future thermal
management technologies due to its high thermal conductivity, and
thermal expansion properties within the range compatible with
various electronic circuitry components.

Copper and CNTs are highly insoluble, with CNTs being hardly wet
by Cu phase during liquid phase sintering above the melting point of
the Cu phase. This is due to the high surface tension of liquid copper,
and the smooth, uniform surface of CNTs. It has been shown that CNTs
coated with copper by electroless plating could decrease the interface
energy between the matrix and the CNTs, increasing the bonding
l rights reserved.
strength, and improving the properties of the whole material. Wang
et al. [14] and Shi et al. [15] successfully used electroless plating to
coat CNTs and create composites with copper. Others [16–18] used
various other techniques to create the composites, but were not as
successful as electroless plating.

In this paper, an investigation into the creation of high perfor-
mance Cu–CNT composites is described. The composites are fabricat-
ed using electroless plating of copper onto the CNTs, using uniaxial
freeze-drying as the main dispersion mechanism, and using magnetic
alignment [19–21] of the CNTs to further enhance final properties.
This is the first application of uniaxial freezing to this material system,
and the primary purpose of using this process is twofold — to use the
uniaxial ice crystal growth to encourage alignment of the carbon
nanotubes in the axial direction, and also to help disperse the carbon
nanotubes in the copper matrix. The Cu–CNT green bodies produced
based on this approach have been consolidated by spark-plasma
sintering — a powder consolidation technique with the potential of
preserving the material structure properties created during the green
processing stage.

2. Materials and methods

Multi-walled carbon nanotubes (Cheap Tubes, Inc., USA) were
electroless plated with copper. First, the surface of the carbon
nanotubes was functionalized by soaking them in 10% nitric acid for
8 h at room temperature, followed by rinsing thoroughly with DI
water, and then drying in a furnace at 60 °C. Following thework of Shi
et al. [15],we then used CuSO4 at a concentration of 12–15 g/L, EDTANa2
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Fig. 2. The thermal conductivity of copper–CNT composite specimens is plotted vs.
temperature.
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at a concentration of 25–30 g/L, NaOH at a concentration of 16 g/L with
additional amounts used to maintain pH, HCHO at a concentration of
30 g/L, and Na2SO4 at a concentration of 40 g/L chemicals in a 50 mL
bath (all chemicals from Fisher Scientific, USA), to precipitate copper
onto the surface of the MWCNTs. A pH of 12 was maintained
throughout the process through careful addition of NaOH and
monitoring with a pH meter, as other research [15] has shown that
this is optimal for deposition. A one-stepmethodwas utilized, along the
lines of Ang et al. [22] as this showed superior results and faster
production times compared to a traditional two-step method.

4.5 and 4.25 g of 99.9% pure copper powder (particle size −325
mesh) (Alfa Aesar, USA) were mixed with .5 and .75 g of copper
coated multi-walled carbon nanotubes, to produce specimens with 10
and 15 wt.% CNTs, respectively. We chose these weight fractions for
the CNTs due to preliminary research which showed that these
concentrations would be suitable for increasing the thermal conduc-
tivity while also being easily dispersed throughout the copper matrix.
The powders were mixed ultrasonically in ethanol (Fisher Scientific,
USA) for 20 min, and .05 g of sodium dodecyl sulfate dispersant
(Fisher Scientific, USA) was added to discourage agglomeration.

The resultant solution was poured into a graphite SPS die
(Electrodes, Inc., USA) for the uniaxial freezing process, as per
previous research [23,24]. The graphite die was located in an
aluminum holder, surrounded by liquid nitrogen, and the powder
slurry was poured directly into the die. For the magnetic specimens,
magnets were placed on the top and bottom surfaces of the die, with
their fields aligned, as shown in Fig. 1. The field strength of each
magnet was approximately 0.5 T, for a combined total of 1 T applied
to the specimen.

After uniaxial freezing was completed, the powder/die combina-
tion was freeze-dried to remove water before sintering. Spark Plasma
Sintering was then conducted in a Dr. Sinter Lab 515s (SPS Syntex,
Co., Japan) to densify the specimens, using the same die as for all
previous processing.

The spark plasma sintering profile used for all specimens was
7 min to 700 °C (100 °C/min), hold for 8 min, with 50 MPa applied
pressure, as we found this produced 100% fully dense specimens of
pure copper.

Specimens were sectioned into 1.5 mm by 1.5 mm by 8 mm slices
for use with the Thermal Transport Option of Quantum Design's
Physical Property Measurement System PPMS-9 to measure thermal
conductivity. Thermal conductivity is measured in this device by
monitoring the temperature drop across the sample as a known
amount of heat travels from the hot to the cold section.
Fig. 1. A diagram of the die setup and magnetic field flow during uniaxial freeze-drying
of the Cu–CNT powder.
3. Results

Fig. 2 shows the thermal conductivity of the four composite
specimens in a range of temperatures of interest to the semiconduc-
tor industry (20–120 °C). Table 1 shows the comparison of the room
temperature (20 °C) thermal conductivity of the four composite
specimens compared to pure copper. One can see that the composite
specimens show severely decreased thermal conductivity compared
to the pure material, similar to the results obtained by Edtmaier et al.
[16]. Fig. 2 also shows a decrease in thermal conductivity with
increasing CNT concentration (10 to 15 wt.%), with a 41 W/m K
difference for the magnetically-processed specimens, and a 10 W/m K
difference for the non-magnetically processed specimens.

The most important aspect is the increase in thermal conductivity
for specimens where the magnetic field was applied. Both the freeze-
drying and magnetic field were used in an attempt to align the CNTs
along the axial direction, so that their superior anisotropic thermal
conductivity would provide a benefit to the copper matrix. The
application of the magnetic field clearly enhanced the thermal
conductivity of the produced specimens, with an increase of
approximately 52 W/m K (386%) for the 10% specimens, and an
increase of approximately 21 W/m K (361%) for the 15% specimens.

Optical microscopy images (Fig. 3) show some orientation and
directionality of the CNT agglomerates in the 15% magnetically-
processed specimen, as opposed to the similar composition specimen
created without magnets.

This orientation enhancement from the magnetic field is the likely
cause of the thermal conductivity enhancement compared to the
non-magnetically enhanced specimens, although due to the agglom-
eration of the CNTs and interfacial energy issues, the measured values
are lower than pure copper.

Electron microscopy images also show the boundaries between
the CNT agglomerates and the bulk copper matrix. One can see from
Fig. 4 that there is a clear boundary between CNTs and copper, the
presence of which is known to significantly reduce the thermal
conductivity of these types of composites. An ideal composite would
Table 1
The thermal conductivity of Cu–CNT composites compared to pure copper, at room
temperature.

Material Cu+
10% CNTs

Cu+10% CNTs-
magnetically
enhanced

Cu+
15% CNTs

Cu+15% CNTs-
magnetically
enhanced

Pure
copper

Thermal
conductivity
(W/m K)

18.12 70.01 8.03 28.96 400.0

image of Fig.�2


Fig. 3. (A) The 15% CNT–Cu magnetically enhanced specimen shows some preferred orientation toward the upper left corner of the image. (B) The 15% CNT–Cu specimen does not
show the same orientation bias. Both images are taken at 100× magnification.
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have individual carbon nanotubes dispersed uniformly throughout
the metal matrix, unlike in the figure.

We can predict the thermal conductivity of the matrix with high
interfacial resistance by comparing the system to a porous copper
specimen, where the “pores”would be the clusters of CNTs. Ondracek
and Schulz created an equation for calculating this thermal conduc-
tivity [25]:

λ=λ0 ¼ λ−Pð Þ= 1−βPð Þ

where λ is the thermal conductivity of the porous specimen, λ0 is the
porosity of the pure specimen, P is the porosity, and β is a factor
related to the shape of the pores. β is 0.5 for spherical pores that are
non-conductive. Using the conductivity of copper, 0.5 as an extreme
estimate for β, and the calculated porosity for our two specimens
(based on volume fraction), we expect the thermal conductivity of
the 10% specimen to be 230 W/m K, and the 15% specimen to be
183 W/m K. These values are significantly higher than the experi-
mental values, and we would have to increase the approximation β to
8.5 to approach the experimental values. This would correspond to
pores which are extremely long and thin, which are not present in the
SEM images.

4. Conclusions

Magnetic enhancement of the processing of the copper–carbon
nanotube composites helps to align the carbon nanotubes and
improve thermal conductivity by as much as 386% (18.12 to
70.01 W/m K) compared to similar specimens processed without
Fig. 4. A clear boundary can be seen between the CNTs and the copper in this 15%-CNT–
Cu specimen, indicating interfacial boundary problems.
magnetic fields. However, significant reduction in thermal conduc-
tivity, relative to pure copper, is noted due to agglomeration of coated
CNTs in the metal matrix. Uniaxial freeze-drying showed no ability to
improve thermal conductivity, either through nanotube alignment, or
otherwise, and may decrease it (although the mechanism is still not
clear).
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