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Nanocrystalline carbon nanotube �CNT�—reinforced Cu composite �grain size �25 nm� with high
strength and good ductility was developed. Pillar testing reveals that its strength and plastic strain
could be as large as 1700 MPa and 29%, respectively. Compared with its counterpart made under
the same condition, an addition of 1 wt % CNTs leads to a dramatic increase in strength, stiffness
and toughness without a sacrifice in ductility. Microstructural analysis discloses that in the Cu
matrix, CNTs could be distributed either at grain boundaries or inside grains and could inhibit
dislocation nucleation and motion, resulting in an increase in the strength. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3211921�

Carbon nanotubes �CNTs� have a unique structure1 and
possess extraordinary mechanical properties.2–4 They exhibit
superhigh elastic modulus and strength and, also, own an
important set of attributes such as lightweight, high aspect
ratio and excellent chemical stability.2–4 These exceptional
properties make CNTs an ideal nanoscale reinforcement to
tailor multifunctional composites with optimal properties and
superior performance. Therefore, different composites rein-
forced by CNTs have been reported. Past research effort
mainly focused on the polymer/ceramic-based CNT
composites5–8 and studies on metal-CNT composites are
relatively limited. However, in light of potential structural
applications, research interest in the CNT-metallic matrix
composites has been growing rapidly for the past five
years.9–21 Generally, incorporating CNTs into metallic matri-
ces can improve strength9–21 and the strength may depend on
the amount of CNTs added.11–13 In most cases, although the
effect of CNTs on microstructure was not well characterized,
both low yield strength and high temperature sintering ap-
plied during fabrication suggest that these composites are
coarse/ultrafine grained materials. As far as the ductility is
concerned, metal-CNT composites usually have a plastic
strain ranging from 1% to 15%.13–27 The higher ductility is
often observed in larger grained composites that have rela-
tively low strengths.21 For the purpose of advanced structural
applications, high strength composites coupled with good
ductility are still desired. An efficient way of improving
strength is to decrease the grain size to nanocrystalline re-
gime ��100 nm�.26 Nevertheless, nanostructured metal-
CNT composites with a combination of high strength and
good plasticity have not been reported thus far. The present
study is aimed at using a unique approach of ball milling,
powder consolidation and high-pressure torsion �HPT� to de-
velop nanostructured multiwalled CNT-reinforced copper
matrix composites that exhibit high strength and ductility.

The mixture of Cu powders �0.5–1.5 �m� and multi-
walled CNTs was ball milled in an argon protected environ-
ment for 5 h. For a reliable comparison, Cu and Cu-CNT
composites �1 wt % CNT� were made under the same condi-
tion. The ball-milled powders were isostatically compacted
into 10 mm diameter disks, which were then consolidated
using high-pressure torsion under 6 GPa for five revolutions.
All these processes were performed at room temperature.
The microstructure characterization was carried out using
transmission electron microscopy �TEM�. The focused ion
beam technique was employed to prepare pillar samples,
which were compressed in a Hysitron Triboindenter nanoin-
denter equipped with a 30 �m diameter flat diamond head.
The pillar geometries before and after compression were
characterized using scanning electron microscopy �SEM�.

Figure 1 shows microstructures of the HPT-processed
samples with 1 and 0 wt % CNTs. It is clear that both
samples have a nanocrystalline microstructure and the grain
size distribution of Cu-CNT nanocomposite is apparently
narrower than that of Cu. The average grain size is about 22
and 29 nm for Cu-CNT composite and Cu, respectively. The
principle of producing nanostructures by HPT is to form sub-
grain boundaries via dislocation accumulation and rearrange-
ments under severe shear strain. These subgrain boundaries
then develop into high-angle grain boundaries, resulting in
grain refinement. At the same time, dynamic recovery and
recrystallization reduce the dislocation density and may in-
crease the grain size. The balance of these two opposite pro-
cesses determines the final grain size. With the incorporated
CNTs, the dislocation motion could be blocked at CNT-Cu
interfaces. That is, the dislocation accumulation would be
enhanced. Consequently, an addition of CNTs leads to a de-
crease in grain size. Figure 2 displays the CNTs embedded in
the Cu matrix. Figure 2�a� shows some CNTs penetrating the
Cu grains. On the other hand, in Fig. 2�b�, some CNTs ap-
pear to surround the Cu grains, indicating the presence of
CNTs at grain boundaries. The distribution of CNTs was
evaluated using microscopic TEM investigation and macro-a�Electronic mail: hongqi2007@gmail.com.
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scopic microhardness measurement. Both results suggested
that the distribution of CNTs in Cu matrix is homogeneous.

Mechanical properties of nanostructured Cu and Cu-
CNT composite were investigated by pillar compression tests

at a strain rate of 1�10−3 s−1. Figure 3�a� presents a cylin-
drical pillar machined from the Cu-CNT nanocomposite. The
diameter and length of all the pillars are about 5 and 11 �m,
respectively, leading to an aspect ratio of 1:2. The pillar com-
pression technique has mostly been used to measure the ef-
fect of sample size on the strength of metallic single
crystals.28 In the case of nanolayered and nanostructured
metals,29,30 when the pillar dimension is much larger than the
crystallite size, the pillar compression test can be used to
study the effect of crystallite size on the strength, as opposed
to the sample size. Figure 3�b� illustrates a failed sample of
Cu-CNT composite, which exhibits shear instability, a typi-
cal failure mode in compression testing.

Figure 4 displays the stress-strain curves of HPT-
consolidated nanostructured Cu and Cu-CNT composite. It is
apparent that both samples exhibit high strength and good
ductility. Calculation further finds that, on average, the yield
strengths �measured at 0.2% plastic strain� are 1125�10 and
738�48 MPa and plastic strains are 28.4%�1.9% and
30.7%�0.9% for nanostructured Cu-CNT composite and
Cu, respectively. In early investigations, although an addition
of CNTs has been shown to increase the strength, CNT-
reinforced composites either have very limited ductility or
show a notable decrease in the plastic strain compared to
their monolithic counterparts.13–27 Interestingly, in the cur-
rent study, incorporating CNTs into Cu matrix results in a
great gain in strength without much sacrifice in ductility.
Figure 5 summarizes the reported13–16 and current compres-
sion data, where red and blue points denote maximum
and yield stress data, respectively. For a comprehensive
comparison, tensile data of Al-CNT,17–21 AlSi-CNT,22

2024Al-CNT,23 Cu-CNT,24 Mg-CNT,25 Ni-CNT,26 and
AZ91D-CNT �Ref. 27� composites are also included. In gen-

FIG. 1. Dark filed TEM micrographs of nanostructured �a� Cu-CNT com-
posite and �b� Cu.

FIG. 2. High resolution TEM analysis of Cu-CNT nanocomposite.

FIG. 3. SEM images of �a� an as-prepared and �b� a failed pillar samples of
Cu-CNT composite.

FIG. 4. �Color online� Stress-strain curves of nanostructured Cu and
Cu-CNT composite.
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eral, like nanocrystalline metals,31 CNT-reinforced metallic
composites also show a feature of strength-ductility tradeoff,
represented by the shaded red region. In other words, in-
creasing strength is usually accompanied with decreasing
ductility. However, the nanostructured Cu-CNT composite
fabricated in this study is clearly distinguished from the gen-
eral trend and out of red region, as seen in Fig. 5. A com-
parison of the current results with reported data points to a
fact that the present Cu-CNT composite has an outstanding
improved mechanical performance. In addition, nanoindenta-
tion measurement discloses that the presence of CNTs also
increased Young’s modulus from 91 to 117 GPa, which is
consistent with previous results and indicates an increase in
stiffness. Furthermore, the area underneath the stress-strain
curve, an indicator of energy required to failure, is about
10% larger for Cu-CNT composite than for Cu.

It has been well established that the deformation mecha-
nism depends on grain size and undergoes a transition from
dislocation-controlled to grain boundary-mediated character-
istics at a critical grain size.32 When the grain size is below
this critical value, deformation behavior is also related to
applied strain.33 As for Cu, the critical grain size is about
10–15 nm.32 Obviously, the grain size of current Cu-CNT
composite ��22 nm� is much larger than the critical value.
That is, plastic deformation is mainly controlled by disloca-
tions. However, owing to the fine grain size, the grain inte-
riors are usually devoid of dislocation sources and disloca-
tions nucleate at grain boundaries or CNT-matrix boundaries.
Figure 2 has shown that the CNTs can be distributed intra- as
well as intergranularly. In both cases, CNTs may be able to
inhibit dislocation nucleation and motion, thereby leading to
an increase in the yield strength. It is worth pointing out that
the grain size refinement caused by CNTs also contributes to
the increase in strength of the Cu-CNT composite.

In summary, nanostructured Cu-CNT composite with a
grain size of about 22 nm has been produced at room tem-
perature. Microstructure analysis indicates that an addition of
1 wt % multiwalled CNTs can cause grain refinement and
narrower grain size distribution. In the Cu matrix, CNTs are
distributed both at grain boundaries and in the grain interiors.
Moreover, both microscopic and macroscopic characteriza-
tion suggests that the dispersion of CNTs is homogeneous.
Mechanical tests reveal that the nanostructured Cu-CNT
composite possesses a combination of high strength and

good ductility. Compared with its counterpart developed un-
der the same condition, an addition of CNTs leads to a con-
siderable increase in strength, stiffness and toughness with-
out a loss in ductility. More importantly, in contrast to the
metal-CNT composites reported earlier, the current Cu-CNT
nanocomposites exhibit an improved outstanding combina-
tion of strength and ductility.
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FIG. 5. �Color online� A plot of stress vs compressive plastic strain for
metal-CNT composites reported in Refs. 13–16 and current study. The ten-
sile results of metal �Al, AlSi, 2024Al, Cu, Mg, Ni, AZ91D�-CNT compos-
ites �Refs. 17–27� are also included for reference. Red points: maximum
stress; blue points: yield stress.
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