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ABSTRACT: A homogeneous composite of aligned carbon
nanotubes (CNTs) and copper was fabricated by combining
copper nanoparticle functionalization with the CNT dry-spinning
technology. The copper nanoparticles decorating the CNTs
enabled high-yield copper electroplating inside the CNT yarn.
Our homogeneous CNT/Cu composite had a weight density 38%
lower than copper, yet had a 2.8-fold lower-temperature coefficient
of resistance (TCR), 3.6 times higher specific current capacity
(ampacity), and almost the same specific conductivity. The high
alignment of the CNTs and the firm contacts at the CNT/Cu
interface contributed to maximizing the conductivity by inducing elastic scattering of free electrons, leading to lower TCR and higher
specific ampacity. The firm contacts at the CNT/Cu interface also enabled effective load transfer between the CNTs and copper
matrix and reinforced the tensile strength of copper by a factor of 3.7. The smaller TCR and reinforced tensile properties of the
homogeneous CNT/Cu composite make it promising for thin, lightweight wiring materials for small, lightweight motors and coils.
KEYWORDS: carbon nanotubes, CNT/Cu composite, nanoparticles, electrical property, mechanical property

1. INTRODUCTION
The automobile industry is switching from fossil fuel vehicles
to electric vehicles.1 The use of and demand for copper wiring,
which is the most commonly used material for power
transmission, are also increasing.2,3 The increasing weight of
copper wiring leads to lower fuel efficiency, so reducing the
weight of the wiring material has become a priority.
Consequently, a lightweight wiring material is needed to
replace the copper wiring. Carbon nanotubes (CNTs), which
have a current capacity thousands of times greater than that of
metals, are a candidate alternative wiring material4−6 because
they are lightweight and have good electrical conductivity and
high mechanical strength.7,8

With the development of CNT spinning, including dry
spinning,9,10 wet spinning,11 and aerosol spinning techniques,12

CNTs can now be made into long fibers, ranging from several
meters to several kilometers in length, and are now
commercially available. However, the electrical conductivity
of CNT yarn is as low as several hundred to thousands of
siemens per centimeter due to crystal defects in the CNTs, the
contact resistance between CNTs, and non-negligible poros-
ity.13−19 Therefore, to use CNTs for power transmission,
further improvements in conductivity are required to decrease
power loss.
Several approaches for increasing the conductivity of CNTs

have been reported. The Pasquali group has reported the use
of highly conductive CNTs to increase the CNT fiber
conductivity.20 A high conductivity of 5 × 104 S cm−1 was

achieved by closely packing chemically doped CNTs, although
the use of CNTs with extremely high crystallinity was required.
Another approach is to make a composite of CNT and
copper.21,22 The CNT/Cu composite material is expected to
show both the high electrical conductivity of copper and the
lightness and high strength of CNTs. Depositing copper on
single-walled CNT sheets by electrolytic copper plating
achieved a current capacity (ampacity) about 100 times higher
than that of copper with the same conductivity.23 However, it
was obtained from a short gauge length of 50 μm, and the
concern is that heat dissipation to the electrodes will adversely
affect the increase in the ampacity.24 To apply electroplating to
wiring materials, it is necessary to understand the ampacity at
longer wire lengths.
There are many studies on composite materials consisting of

long CNT yarns and copper. However, in simple electroplating
or physical deposition methods, the copper is mainly
concentrated at the periphery of the yarn, resulting in a
core-clad structure.25−32 Therefore, there were no synergistic
effects of the mixture of CNT and copper on the electrical and
mechanical properties, and the electrical conductivity mainly
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depended on the fraction of copper, whereas the tensile
properties were strongly related to the CNT yarn. Recently,
copper has been incorporated into the CNT fibers well by
periodic reverse biasing33 or preseeding Cu in the CNT yarn34

in electroplating. However, the mechanism by which the
temperature coefficient of resistance (TCR) of CNT/Cu
composites becomes smaller than that of copper and the
strengthening mechanism of the tensile properties have
remained unexplored.
In this work, we developed a method for fabricating aligned

CNT/Cu composites that have high ampacity, lower TCR, and
better tensile properties than copper from a homogeneous
mixture, and we clarified the synergistic mixing effects on
charge transport and load transfer mechanism in the
composites. Pre-decorated copper nanoparticles (Cu NPs)
played a crucial role in not only inducing the effective
precipitation of copper inside the yarn structure but also in
forming firm contacts between the copper and CNT crystal
interfaces that enhance the electrical and mechanical proper-
ties.

2. EXPERIMENTAL SECTION

2.1. Dry-Spinnable CNT Forest
Vertically aligned CNTs were grown on the substrate by a two-step
floating catalyst chemical vapor deposition (CVD) method (Table S1
and Figure S1). The details of the synthesis method are described in
our previous report.35,36 In the first step, a solution of ferrocene, the
catalyst precursor for CNTs, dissolved in ethanol was atomized by
ultrasonic waves and transported onto a Si substrate in a CVD
chamber using Ar as a carrier gas. Ferrocene was pyrolyzed at 700 °C
on a Si substrate to form Fe nanoparticles in situ. In the second step,
acetylene was supplied as the carbon source gas to grow CNTs at a
temperature of 700 °C and a pressure of 2.4 kPa. To make the CNT
forests longer while maintaining good dry spin capability, chlorine gas
was also supplied during CVD.10 CNTs with a diameter of 10 nm and
a height of about 300 μm were grown.

2.2. Cu NP Decoration on CNTs
Cu NPs were deposited on the CNT surface in a CNT forest.
Copper(II) acetylacetonate [Cu(acac)2], which was the Cu NP
precursor, and a spin-capable CNT forest were placed in a CVD
chamber. NPs were deposited homogeneously throughout the forest
at 400 °C and a pressure of 4.0 kPa for 15 min in Ar (Figure 1a).
Cu(acac)2 evaporated and diffused into the CNT forest. The Cu NPs
were nucleated by thermal decomposition on the CNT surface.
Because the Cu(acac)2 vapor diffuses homogeneously into the CNT
forest, the Cu NPs are uniformly deposited over the forest, as shown
in Figure S2. The density of the Cu NPs deposited on the CNTs was
controlled by varying the Cu(acac)2 loading.

2.3. Fabrication of Yarn with NP-Decorated CNTs
The continuous network of CNT bundles (CNT web) was drawn out
continuously from the edge of the CNT forest. The CNT yarn was
fabricated by twisting the CNT web (Figure S3). The rotational speed
of the spindle was 14,000 rpm, and the drawing speed was 50 mm
s−1.10,37

2.4. Electrolytic Copper Plating
To precipitate copper on CNTs, CNT-twisted yarns with and without
Cu NPs were electroplated using copper sulfate solution (Table S2).
With the CNT yarn functioning as a cathode, DC electroplating was
performed (Figure S4). The deposition voltage was adjusted in the
range of 2.2 to 4.4 V depending on the yarn size to maintain a current
density of 0.2 A dm−2 for 2 h. Then, to reduce the copper oxide and
smooth the adhesion between the CNTs and copper, the CNT/Cu
samples were heated at 700 °C for 1 h with Ar (400 sccm) and H2
(100 sccm) flowing at a pressure of 66.5 kPa.

2.5. Characterization
The CNT/Cu structures were observed by scanning electron
microscopy (SEM; SU-8030, Hitachi) at an acceleration voltage of
3 kV, emission current of 10 μA, and dwell time of 16.3 μsec. A
smooth cross-section of the CNT/Cu wire was cut with a cross-
section polisher (IB-09020 CP, JEOL). The samples were cut with an
Ar ion beam acceleration voltage of 4.5 V and an ion beam current of
35 μA for more than 1 h. The small cutting speed condition resulted
in a smooth surface with no redeposition on the cross-section. The
interfacial structure between CNTs and Cu was observed in detail by
transmission electron microscopy (TEM; JEM-2100F, JEOL) at 200
kV. TEM observations were made in the CNT alignment direction
and orthogonal direction. Wire-shaped samples were thinned to about
80 nm by mechanical polishing and focused ion beam thinning for
observation. Elemental analysis of the CNT/Cu composite was
performed by energy-dispersive X-ray spectroscopy (EDS) during the
SEM and TEM observations. Chemical species on the CNT sample
surface were investigated by X-ray photoelectron spectroscopy (XPS;
ESCA-3400, Shimadzu) measurements. Changes in crystal quality and

Figure 1. (a) Schematic of Cu NP deposition on a CNT forest. SEM
images of the CNT forest (b) before Cu NP deposition and Cu NPs
deposited forests using (c) 10, (e) 30, and (g) 100 mg of Cu(acac)2.
Magnified images of (c,e,g) are shown in (d,f,h), respectively.
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strain of CNTs were analyzed by Raman scattering (XploRA,
HORIBA) using an excitation wavelength of 532 nm.

The electrical conductivity was measured by four-terminal
measurements under air. The ampacity was measured by two-terminal
measurements under a high vacuum. The electrical properties were
measured on three or more specimens. In the ampacity measurement,

the measurement length was set to 10 mm to avoid heat exhaust to
the electrodes due to the short measurement length. Ampacity was
defined as the current density at which the samples broke. The tensile
properties were measured using a tensile tester (EZ-L, Shimadzu)
equipped with a non-contact extensometer (TRViewX, Shimadzu).
The tensile strength and Young’s modulus were the averaged values of

Figure 2. (a) Schematic of dry spinning of a CNT web from the CNT forest. (b) SEM image of dry spinning a web from the CNT forest and (c)
high-magnification, (d) STEM, and (e) EDS images of Cu NP-decorated CNT web. The EDS spectrum is shown in Figure S5. (g) SEM image of
CNT yarn and high-magnification images of (f) surface and (h) cross-section of the yarn.

Figure 3. (a) Photograph, (b) SEM image, and EDS elemental maps of (c) copper and (d) carbon of the cross-section of an NP-decorated CNT/
Cu wire. A cross-section of an undecorated CNT/Cu wire was also analyzed by (e) SEM and EDS maps of (f) copper and (g) carbon. Insets in the
SEM images show magnified images of each cross-section.
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the measurements of the five test specimens. The gauge length was 10
mm, and the tensile speed was 0.05 mm min−1.

3. RESULTS AND DISCUSSION

3.1. Cu NP-Decorated CNT Yarn Fabricated by Dry
Spinning from a CNT Forest
The thermal deposition rate of Cu NPs varies depending on
the pressure and temperature in the deposition chamber.
Therefore, we first investigated the Cu NP deposition
conditions to achieve homogeneous formation in the CNT
forest while maintaining the dry spin ability; we found that
NPs were deposited homogeneously throughout the forest at
400 °C and a pressure of 4.0 kPa, as shown in Figure S2.
Figure 1c−h shows SEM images of CNT forests deposited
with different densities of Cu NPs by varying the amounts of
Cu(acac)2 (10, 30, and 100 mg). An SEM image of a pristine
CNT forest is also shown in Figure 1b for comparison. The
deposition of NPs on individual CNTs was clearly observed
(Figure 1c−h), and the number of NPs increased with the
amount of Cu(acac)2. For the CNT forests deposited with 10
and 30 mg of Cu(acac)2, the high spin capability was also
maintained. However, the loading of 100 mg of Cu(acac)2
resulted in the deposition of a huge number of Cu NPs (Figure
1g,h), and many CNTs were connected by Cu NPs, allowing
the entire CNT forest to form a strong linkage. Consequently,
the CNT web could no longer be drawn out from the CNT
forest, and dry spinning was impossible. For fabricating the
CNT/Cu composites, a loading of 30 mg of Cu(acac)2 was
chosen to decorate Cu NPs for homogeneous, efficient
electroplating of the CNT yarns.
At a loading of 30 mg of Cu(acac)2, Cu NPs were uniformly

deposited throughout the CNT forest (Figure 2a), and thus,
the CNT webs drawn out by dry spinning were uniformly
decorated with the NPs (Figure 2b). The high-magnification
SEM (Figure 2c), scanning transmission electron microscopy
(STEM) (Figure 2d), and corresponding EDS (Figure 2e)
images revealed that Cu NPs were homogeneously deposited
over the CNT web, which enabled the homogeneous
incorporation of NPs into the twisted CNT yarn, as confirmed
by SEM images of the yarn surface (Figure 2f), the yarn
(Figure 2g), and the yarn cross-section (Figure 2h). CNT-
twisted yarns have previously been fabricated by applying

metallic colloidal NPs directly to CNT webs to make NP-
functionalized CNT yarns.38 The method was technically
complex and needed a specialized system. In contrast, in our
method, a simple dry process is used to deposit Cu NPs
throughout the entire spin-capable CNT forest in advance,
making it suitable for a wide range of applications, such as Cu
NP-functionalized CNT forests, sheets, and twisted wires.
3.2. Structural Analysis of the CNT/Cu Wire

The CNT/Cu composite wire was fabricated by copper
electroplating on the NP-decorated CNT yarn (Figure 3a).
The surface of the CNT/Cu wire had a visible copper sheen.
The cross-sectional SEM images of the copper-electroplated
CNT yarn deposited with and without Cu NPs are shown in
Figure 3b,e. The cross-sectional images show that the CNT/
Cu wire with pre-deposited NPs on the CNTs had uniformly
deposited copper from the periphery to the inside yarn. The
high-magnification image shows that the copper was densely
precipitated without apparent voids. The copper and carbon
EDS mapping images, as shown in Figure 3c,d, confirm that
the copper and CNTs were well mixed deep in the yarn. In
contrast, the SEM and EDS images in Figure 3e−g show that
the CNT/Cu wire without Cu NPs formed a core-clad
structure with a large amount of copper precipitated at the
periphery of the CNT yarn and many copper islands floating
inside the yarn. This difference in Cu deposition indicated that
the pre-deposition of Cu NPs on CNTs was effective for
homogeneous mixing of the CNT/Cu system. Hereafter,
homogeneous composite wires are referred to as mixed CNT/
Cu wires and core-clad wires as unmixed CNT/Cu wires.
The presence of oxygen in the CNT surface area would also

affect the Cu deposition rate. We have investigated the changes
in the CNT surface state by decorating the CNT forest with
Cu NPs using XPS measurements. As shown in Figure S6, we
found similar degrees of C−O in the C 1s and O 1s signals for
both samples modified with and without Cu NPs. Thus, it is
strongly suggested that good Cu precipitation was derived
from the decorated Cu NPs rather than the oxygen species.
Cu NPs play an essential role in accelerating copper

deposition deep inside the CNT yarn, suggesting that there
is an energetic benefit in depositing copper ions on Cu NPs
rather than on CNTs. Because the distance between the CNT
bundles in the CNT yarn was a few hundred nanometers, the

Figure 4. TEM images of the mixed CNT/Cu wire observed for the orthogonal cross-section at (a) low and (b) high magnification and for the
parallel cross-section at (c) low and (d) high magnification. Elemental imaging of the orthogonal cross-section of the mixed CNT/Cu wire. (e)
STEM image and EDS elemental maps of (f) copper and (g) carbon.
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copper ions may have diffused sufficiently in the entire yarn
before the current was applied. The low current density in
electroplating may have also contributed to the ions diffusing
into the yarn instead of accumulating on the periphery.
The TEM image of the orthogonal cross-section of the

mixed CNT/Cu wire is shown in Figure 4a. Copper
precipitated between the CNT bundles. Cu NPs formed the
growth nuclei, and the copper appeared to extend from there
as a starting point. Therefore, nanovoids of several tens of
nanometers were also formed between the bundles, as
indicated by the yellow markers in Figure 4a. The parallel
cross-sectional observation showed that copper precipitation
occurred continuously in the longitudinal direction of the
CNTs (Figure 4c). The higher-magnification images of the
center of the wire revealed that the copper crystals were tightly
deposited on the CNT surface (Figure 4b,d). TEM-EDS
images of the orthogonal cross-section showed that the mixed
CNT/Cu wire was composed of CNTs and copper and that
copper precipitated in the center of the wire (Figure 4e−g).
Because the voids in the CNT/Cu wire were negligibly tiny,

we calculated their volume ratios, assuming that the composite
consisted only of CNTs and copper. The volume of copper
was first estimated from the weight gain due to copper
electroplating. The copper volume was then subtracted from
the measured CNT/Cu wire volume to obtain the CNT
volume, and the respective volume ratios were obtained. The
volume ratios of copper in the CNT/Cu wires are shown in
Table 1. In the mixed CNT/Cu wire with a weight density of
5.31 g cm−3, copper constituted 56.7% of the total volume;
thus, the composite material was a homogeneous mixture of
CNTs and copper in comparable proportions.
We investigated strain induced in the CNTs near the CNT/

Cu interface by Raman scattering measurements. An excitation

laser illuminated the parallel cross-section of the mixed CNT/
Cu wire and the surface of the CNT yarn containing Cu NPs.
For comparison, an as-twisted CNT yarn was also measured.
Figure 5 compares the position of the D, G, and 2D Raman
modes of CNTs at 1340, 1575, and 2680 cm−1, respectively.
The positions of the G mode shifted toward higher frequencies
in the order CNT yarns < NP-decorated yarns < mixed CNT/
Cu wire (Figure 5a). A similar trend was also observed in the
spectra of the 2D modes (Figure 5b). The relationship
between the G and 2D frequency change is plotted in Figure
5c. As the copper covering the CNT surface and the CNT/Cu
interfacial area increased, the G-2D relationship shifted to
higher frequencies, which is attributed to the compressive
strain in the sp2 plane.39 The compressive strain was induced
in the CNTs at the CNT/Cu interfaces. These observations
confirmed the firm contacts between the CNTs and copper,
which has a smaller lattice constant.
3.3. Electrical Properties of the CNT/Cu Wire

The electrical conductivities of the mixed and unmixed CNT/
Cu wires at room temperature were 1.82 × 105 and 3.14 × 104
S cm−1, respectively (Figure 6a). For comparison, CNT yarn,
commercial Cu wire (99.99% purity), and the international
annealed copper standard (IACS) data are also plotted. The
conductivity of the CNT yarn is 2.17 × 102 S cm−1, 3 orders of
magnitude lower than that of 100% IACS (5.8 × 105 S cm−1).
The conductivity of the CNT/Cu wires increased as the
volume ratio of copper increased. In the linear scale plot (inset
in Figure 6a), the conductivity of the mixed CNT/Cu wire was
almost linear with respect to the volume fraction of copper,
suggesting that the free electrons in the copper matrix were the
dominant carriers. In contrast, the conductivity of the unmixed
CNT/Cu wire was lower than the linear relationship. The

Table 1. Mean and Standard Deviation of Structural Data and Measured Electrical and Mechanical Properties of the CNT/Cu
Wires, CNT Yarn, and Cu Wire

weight density
(g cm−3)

Cu volume
fraction (%) conductivity (S cm−1) ampacity (A cm−2) TCR (K−1)

tensile stress
(MPa)

Young’s
modulus (GPa)

CNT yarn 0.56 ± 0.04 0 2.17 × 102 ± 63 1.50 × 104 ± 3.11 × 102 −0.6 × 10−3 669 ± 10.6 32.3 ± 3.0
unmixed
CNT/Cu

3.36 ± 0.42 33.4 ± 5.0 3.14 × 104 ± 1.12 × 104 7.22 × 104 ± 1.90 × 104 2.0 × 10−3 184 ± 9.1 25.8 ± 6.5

mixed
CNT/Cu

5.31 ± 0.27 56.7 ± 3.3 1.73 × 105 ± 4.82 × 104 1.26 × 105 ± 3.82 × 103 1.2 × 10−3 699 ± 26.2 70.4 ± 5.9

Cu wire 8.94 100 4.35 × 105 5.82 × 104 3.3 × 10−3 191 ± 4.9 83.5 ± 2.2

Figure 5. Raman spectra of the mixed CNT/Cu wire, NP-decorated CNT yarn, and twisted CNT yarn. Peak positions of (a) D and G, and (b) 2D
modes of the wires were compared. (c) Relationship between the frequencies of the G and 2D modes of the wire samples.
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cross-sectional SEM image in Figure 3c shows that copper
precipitated as floating islands in the yarn, indicating that some
of the copper contributed less to the conductivity, and thus,
the conductivity was lower than expected from the fraction of
copper.
Figure 6b shows the temperature dependence of the

electrical resistance normalized by the value at 300 K. The
resistance of the mixed and unmixed CNT/Cu wires increased
linearly with temperature. This trend suggests that the process
by which the carriers are scattered by phonons was dominant,
supporting the earlier assumption that the major carriers in the
composite wires were free electrons in the copper matrix. The
TCRs of the mixed and unmixed wires were 1.2 × 10−3 and 2.0
× 10−3 K−1, respectively, smaller than that of IACS of 3.9 ×
10−3 K−1. The TCR of CNT/Cu composites is reported to be
smaller than that of copper in many cases.23,29,34,40,41 Several
reasons have been proposed for the lower TCR of composites
of copper and nanocarbon materials. One is the mixing effect
of copper and CNTs having a negative TCR.42 The negative
TCR, as obtained for the CNT yarns in this study (−0.6 ×
10−3 K−1), has been reported.43−46 However, because the
resistivities of copper and CNTs differ by several orders of

magnitude and electrons flow through copper, the decrease in
overall TCR cannot be explained by the mixture of CNTs with
negative TCR.
Others have reported that elastic scattering at the interface

between the Cu and graphene surfaces is a factor in the lower
TCR.47 Thus, the temperature variation of resistance is even
smaller than that of the copper materials. The resistivity of
CNT/Cu does not decrease substantially below the value
predicted from the copper ratio, despite the large scattering
cross-section due to the CNT/Cu interfaces, suggesting that
the electrons do not lose kinetic energy at the interfaces. In
addition, the electrical conductance of the CNT/Cu composite
has been reported to be highest in the CNT alignment
direction.48 Therefore, for the aligned CNT/Cu composites, it
can be concluded that the unidirectionally aligned interfaces do
not act as major scattering centers for free electron transport
and are more effective in suppressing phonon scattering. This
explains why the mixed wire with a larger interface area than
the unmixed wire had a smaller TCR.
Figure 6c compares the temperature dependence of the

specific conductivities of mixed CNT/Cu, commercial Cu
wires, and IACS. Due to the lower TCR of the CNT/Cu wire,

Figure 6. Electrical properties of the CNT/Cu wires, CNT yarn, commercial Cu wire, and IACS. (a) Electrical conductivity, (b) temperature
dependence of resistance normalized by values at 300 K, (c) temperature dependence of the conductivity of the mixed CNT/Cu and Cu wires, and
(d) ampacity. (e) Comparison of specific ampacity and specific conductivity of the samples.
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the specific conductivity exceeded that of the Cu wire above
370 K and was also expected to overtake IACS in the
temperature range above 450 K. The specific conductivity of
CNT/Cu composites overtaking that of copper at 100−200 °C
is promising for future materials. If composites with larger
interfaces are realized with even thinner CNTs, the TCR could
be dramatically reduced, although the residual resistance may
be somewhat larger. This would make interfacial scattering
more pronounced than electron−phonon scattering, shifting
the specific conductivity overtaking point to lower temper-
atures, and thus potentially achieving higher specific
conductivity than copper even at room temperature.
The mixed CNT/Cu wire showed a high ampacity of 1.26 ×

105 A cm−2, which was 2.2 times higher than that of the Cu
wire (5.82 × 104 A cm−2) (Figure 6d). The mixed CNT/Cu
wire was broken down under high current density by melting
caused by Joule heating.24,49 The specific conductivity of the
CNT/Cu wire was smaller than that of copper at high
temperatures above 370 K; thus, the Joule heating with the
increase in current density was smaller than that of Cu wire,
which mitigated the temperature rise and increased the
ampacity.
Figure 6e depicts the relationship between the specific

conductivity and specific ampacity of the mixed CNT/Cu
wires, the CNT yarn, and the Cu wire. The specific
conductivities of the mixed CNT/Cu and Cu wire were 3.42
× 104 and 4.87 × 104 S cm2 g−1, respectively. Those values
were more than 2 orders of magnitude higher than those of the
CNT yarn (3.92 × 102 S cm2 g−1). Because free electrons are
responsible for electron transport in the CNT/Cu and Cu
wires, the specific conductivities of the materials are
comparable. However, the specific ampacity, which is the
ampacity per weight, of the mixed CNT/Cu wire of 2.37 × 104
A cm g−1 was 3.6 times higher than that of 6.50 × 103 A cm g−1

of the Cu wire. The suppression of resistance increased at
higher temperatures because the small TCR of the mixed
CNT/Cu increased the specific ampacity substantially. The
mixed CNT/Cu wire had higher ampacity and similar
conductivity compared with copper and was 38% lighter.
Thus, this material may be a candidate for thin wiring lines to
provide a high power supply for integrated electronic systems.
The highest specific ampacity was obtained for the CNT

yarn (2.71 × 104 A cm g−1). Because the sublimation
temperature of the CNT yarn is higher than that of copper
and the infrared emissivity is also higher, the current was
carried at higher temperatures than that of the metallic
samples.50 Therefore, even though the specific conductivity of
the CNT yarn was 2 orders of magnitude smaller than that of
the metallic samples, it showed a higher specific ampacity.
3.4. Mechanical Properties of the CNT/Cu Wire

The tensile properties showed a mixing effect in the mixed
CNT/Cu wire. Figure 7a shows typical stress−strain curves
measured on five specimens of CNT/Cu wire, CNT yarn, and
Cu wire, respectively. The measured tensile properties are
summarized in Table 1. The tensile strength and Young’s
modulus of the mixed CNT/Cu wire were 699 MPa and 70.4
GPa, respectively. These tensile properties were much higher
than those of copper and CNT yarn. If the rule of mixtures is
applied to the stress−strain curves, the resulting stress−strain
curve of the mixed CNT/Cu wire would be located between
the stress−strain curves of CNT yarn and Cu wire. This is the
case for the stress−strain curve of the unmixed CNT/Cu wire,

which had a core-clad structure. These observations imply that
the mixed CNT/Cu wire can be regarded as a fiber-reinforced
composite, where CNTs and/or CNT bundles are the
reinforcing elements, and copper is the matrix. The
homogeneous mixing and firm contacts at the CNT/Cu
interface provide better load transfer from the copper matrix to
CNTs and CNT bundles, resulting in the excellent tensile
properties of the mixed CNT/Cu wire. The experimental
results and the above discussion suggest the importance of
producing homogeneously mixed composite wires for CNT/
Cu wires with higher tensile performance.
The fracture mechanism of the mixed and unmixed CNT/

Cu wires was investigated by SEM (Figure 7b,c). For the
mixed CNT/Cu wire, the tip of the fracture was elongated and
necked, implying that a ductile fracture occurred similar to
typical metallic materials. The observation suggests that the
tensile load was uniformly distributed in the composite wire.
Conversely, for the unmixed CNT/Cu wire, a long section of
CNT yarn was pulled out, indicating that the copper at the
periphery and inner CNT yarn were broken at different points.
These results showed that in the mixed CNT/Cu wire, the
copper was not only homogeneously precipitated in the CNT
yarn but also adhered well to the surfaces of the CNTs and/or
CNT bundles until the final fracture.
The homogeneously mixed CNT/Cu wire also had good

bending properties. The mixed CNT/Cu wire deformed with a
small curvature, showing high flexibility (Figure 7d). On the
other hand, the unmixed CNT/Cu wire buckled and failed
during bending (Figure 7e). These differences in deformation
were related to the strain distribution in the composite wire

Figure 7. (a) Typical stress−strain curves of the mixed and unmixed
CNT/Cu wires, the CNT yarn, and the Cu wire. Fracture images of
(b) mixed and (c) unmixed CNT/Cu wires. SEM images of (d)
knotted mixed CNT/Cu wire and (e) broken unmixed CNT/Cu
wire.
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structure. The homogeneous composite structure of the mixed
CNT/Cu wire dispersed stress over the entire structure.
Therefore, it had both high tensile properties and flexibility.
However, in the unmixed CNT/Cu wire, the CNT yarn in the
center of the wire could not withstand the compressive load
due to bending, and the copper clad on the surface tended to
buckle. Figure 7 and the above discussion suggest the
importance of producing homogeneously mixed composite
wires when excellent flexibility is required.
This is the first report of a clear mixing effect in the tensile

and bending properties of a composite of CNTs and copper,
and our experimental results proved that homogeneous mixing
and firm contacts are key to achieving higher mechanical
performance in CNT/Cu wires.

4. CONCLUSIONS
We fabricated a homogeneous CNT/Cu composite wire with
low TCR, high ampacity, high tensile properties, and high
flexibility due to the synergistic effects between CNTs and
copper. The mixed CNT/Cu wire may be suitable as a
lightweight wiring material for tiny coils used in drone motors,
earphones, and small actuators, and as wiring for integrated
electronic device systems with high energy density. In addition,
the technique of dry-spinning CNTs decorated with NPs
deposited in the gas phase, which we developed to obtain
homogeneous composite materials, opens up new potential
applications for CNTs. Because CNTs supporting metallic NPs
could be used to form various structures, such as long wires,
sheets, and three-dimensional structures, it could be applied to
other CNT applications with various functionalities.
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