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Carbon nanotube films change Poisson’s ratios from negative to positive
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In this paper, a discovery is reported that carbon nanotube 共CNT兲 films can change in-plane
Poisson’s ratios from negative to positive during a uniaxial tensile loading. First, in situ
experimental investigations of the deformation fields about the CNT films fabricated using vertically
aligned CNT arrays are performed by digital speckle correlation method, the novel phenomenon for
changing Poisson’s ratio from negative to positive during the stretching process is discovered.
Furthermore, the physical mechanisms for changing the Poisson’s ratio from negative to positive are
explained based on the interactions among CNTs. Finally, a potential engineering application for
designing intelligent connector is proposed based on the intriguing Poisson’s ratio of CNT films.
© 2010 American Institute of Physics. 关doi:10.1063/1.3479393兴
Usually solid materials under axial load experience lateral contraction with a positive Poisson’s ratio. The Poisson’s
ratio equals to 0.5 if the volume of the material does not
change during the stretching process. In fact, most solid materials increase their volumes slightly when being stretched
and have Poisson’s ratios about 0.3. Recently, advanced materials 共auxetic materials1兲 with negative Poisson’s ratio such
as foams,2,3 honeycombs4 and carbon nanotube 共CNT兲
material,5 have been investigated by many researchers due to
their special functions and engineering applications. CNTs
have extraordinarily high tensile strength and Young’s modulus, and CNT films show amazing mechanical properties.
Hall et al.5 found CNT sheets with negative Poisson’s ratios
and established a theoretical model to explain the physical
mechanism. Chen et al.6 investigated the negative Poisson’s
ratios in different directions of highly oriented CNT films.
However, the change in Poisson’s ratio from negative to
positive with the increasing of the applied strain was few
reported. In this paper, in situ experimental investigations of
positive and negative Poisson’s ratio for the CNT films were
performed to reveal the intriguing Poisson’s ratio transition.
Vertically aligned CNTs 共VACNTs兲 with an aspect ratio
of over 104 were selected as building blocks to fabricate
CNT films via a facile dispersion-filtration method.7 Two
kinds of VACNT arrays with different CNT outer diameters
were adopted: 共i兲 30-nm-CNTs with a length of 5.0 mm and
a diameter of 30–60 nm, which were fabricated by a floating
catalyst chemical vapor deposition 共CVD兲8 关Fig. 1共a兲兴; 共ii兲
10-nm-CNTs with a length of 0.2 mm and a diameter of
8–12 nm, which were fabricated by a thermal CVD method.9
Both VACNT arrays were directly used without any specific
purification and dispersed by a two-step shearing
method.10,11 As-obtained CNT dispersions were filtrated to
fabricate CNT films.7 When the filtration stopped, the CNT
films can be easily separated from the microporous filter

membrane. Figure 1共b兲 shows a macroscopic photo of the
CNT film. Figures 1共d兲 and 1共e兲 show the scanning electronic microscope 共SEM, JSM 7401F operating at 3.0 kV兲
micrographs of films about10-nm-CNTs and 30-nm-CNTs,
respectively.
Tensile fracture experiments on two kinds of CNT films
were performed using electronic universal testing machine
共WD-4020兲. The deformation fields of the CNT film were
obtained using digital speckle correlation method.12–15 The
tensile deformation speckle image for 10-nm-CNT film is
shown in Fig. 2共a兲. Here, X and Y are the directions which
are parallel and perpendicular to direction of the applied tensile loading, respectively. Both U and V fields are the incremental displacement fields of CNT films in X and Y directions, respectively. When the stress increased from 2.7 to 3.5
MPa, both U and V fields of 10-nm-CNT film were positive
关Figs. 2共b兲 and 2共c兲兴. It indicated that when the CNTs film
was elongated in X direction, it expanded in Y direction.
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FIG. 1. 共Color online兲 关共a兲 and 共b兲兴 Macrographs of the VACNTs and the
CNT film. 关共c兲 and 共d兲兴 SEM micrographs of 10-nm-CNT and 30-nm-CNT
films.
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FIG. 2. 共Color online兲 Displacement field of 10-nm-CNTs film 共a兲 calculated zone. 关共b兲 and 共c兲兴 the incremental displacement fields in the Y- and
X-directions loading from 2.7 to 3.5 MPa. 关共d兲 and 共e兲兴 those from 8.8 to
9.7 MPa.

When the stress increased from 8.8 to 9.9 MPa, both U and
V fields of 10-nm-CNT film were positive and negative
关Figs. 2共d兲 and 2共e兲兴, respectively. It indicated that the CNTs
film shrank in Y direction during its elongation.
Figure 3共a兲 shows the relationship between the variation
in length and width for 10-nm-CNT film and 30-nm-CNT
film, respectively. L0 and W0 were defined as the length and
the width of the CNT films before tensile test, respectively.
⌬L and ⌬W were the increment of the length and the width,
respectively. When ⌬L / L0 was small, the ⌬W / W0 increased
with ⌬L / L0 increasing. However, when ⌬L / L0 increased to
a certain amount, ⌬W / W0 decreased.
Based on both U and V fields, the in-plane Poisson’s
ratio of the CNT-film can be obtained. Here, the instantaneous in-plane Poisson’s ratio was defined as

=−

FIG. 3. 共Color online兲 The results of tensile fracture experiments: 共a兲 the
relationship between the length and the width of CNT films. 共b兲 The relationship between the Poisson’s ratio and the strain of CNT films.

is a commercial software package for finite element analysis
developed by HKS Inc. of Rhode Island, USA. From the
SEM micrographs of 10-nm-CNT and 30-nm-CNT films
关Figs. 1共c兲 and 1共d兲兴, the structures of the CNT films are very
complicated and the meandering CNTs in CNT film are pliable. The energy increment for elongating specimens is
mainly absorbed by the straightened CNTs. Thus the sample

dY/d
,
dX/d

where Y and X are the strain in the Y and X directions,
respectively,  is the stress in the X direction. Figure 3共b兲
showed the relationship between the in-plane Poisson’s ratio
and the strain of 10-nm-CNT film and 30-nm-CNT film, respectively. When X was small 共⬍0.8% for 10-nm-CNT film
and ⬍0.4% for 30-nm-CNT film, respectively兲, the in-plane
Poisson’s ratio was negative. With the increased strain, the
in-plane Poisson’s ratio also increased and became positive
gradually.
The evolution mechanism of the Poisson’s ratio can be
interpreted simply by means of two-dimensional 共2D兲 schematic illustration 共Fig. 4兲. Figure 4共a兲 illustrated the status of
the CNT films under tension. Each line in Fig. 4共a兲 represented an individual CNT. At the early stage, the CNTs in the
film were bended, and then they tended to be straightened
gradually. The evolution of the basic unit structure was simulated as shown in Fig. 4共c兲 using ABAQUS software which

FIG. 4. 共Color online兲 Deformation mechanisms: 关共a兲 and 共b兲兴 deformation
mechanisms of CNTs film for negative and positive Poisson’s ratios. 关共c兲 and
共d兲兴 The evolutions of the basic unit structure for negative and positive
Poisson’s ratios.
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expanded laterally and the in-plane Poisson’s ratio was negative. When the strain increased to a certain level, the CNTs
tended to be straightened gradually. Until most of CNTs were
straightened 关Fig. 4共b兲兴, the effective tensile stiffness of the
isolated CNT increased. Thus, the angle between the CNTs
was changed at this time to absorb the energy increment for
the elongating specimens. During the stretching process, the
Poisson’s ratio changed from negative to positive.
A three-dimensional 共3D兲 model has been developed to
predict the in-plane Poisson’s ratio of the CNT film by
Hall et al.5,16 The in-plane Poisson’s ratio is given by
 = 共1 − ␤兲 / 共3 + ␤兲,5 where ␤ = 3KT / KSB, KT is the torsional
material constant which represents internanotube junction
stiffness, KSB is the combination of the stretching material
constant and the bending material constant which represents
the effective tensile stiffness of the isolated CNT. This 3D
model is used to explain the phenomenon of changing Poisson’s ratio. It indicates that the Poisson’s ratio  approximately equals to ⫺1 when the CNTs are very pliable 共KSB
→ 0 , ␤ → ⬁兲. In 2D schematic illustration, the CNTs were
pliable at the beginning of loading, the effective tensile stiffness KSB was small and ␤ was large, thus a negative Poisson’s ratio was formed 关Fig. 3共b兲兴. With the increase in the
applied strain, the CNTs became more rigid. If the CNTs are
rigid 共KSB → ⬁ , ␤ → 0兲, the Poisson’s ratio  is close to 1/3
according to the 3D model. In 2D schematic illustration,
when the CNTs were straightened gradually, the effective
tensile stiffness of an isolated CNT increased and the Poisson’s ratio became positive gradually 关Fig. 3共b兲兴. Two explanations agreed well with each other as well as with the experimental observation of the Poisson’s ratio.
In summary, the in-plane Poisson’s ratios of CNT films
were in situ investigated using digital speckle correlation
method, which changed from negative to positive during the
stretching process. The physical mechanisms of the positive
and negative in-plane Poisson’s ratio are explained which
agreed well with the experimental observation. The negative
Poisson’s ratio lies in the elongation of bending CNTs, and
the positive Poisson’s ratio lies in the angle variation between CNTs. The material with such a variation in Poisson’s

ratio has a potential engineering application. For example, a
connector is designed to connect two other devices depending on friction. The lateral dimension of the connector will
expand while increasing the tension, then the friction will
increase and it will not easy to fall off. But when the tension
increases to a certain amount, the lateral dimension of the
connector will shrink, and then the tension decreased while
increasing the friction. The maximum tension is limited for
the connector.
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