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Abstract
The paper reports the viscous creep occurring in vertically aligned carbon nanotubes
(VA-CNTs). Nanoindentation experiments are conducted to characterize the creep behaviour
of the nanotube materials. By recording the instantaneous control stress and strain rate, the
creep strain rate sensitivity of the VA-CNT array is calculated. The creep property is found to
depend upon the density of nanotube arrays.
(Some figures in this article are in colour only in the electronic version)

occurred in neighbouring nanotubes. The standard linear solid
(3-elements) model has been used to interpret the relaxation
behaviour. Pathak et al [9] have shown that the nanotube
forests exhibit frequency-dependent viscoelastic deformation.
The phase angle tan δ measured from dynamic indentation
on prior-bucking nanotube specimen can be as high as 0.1,
an order of magnitude higher than that of typical polymer
materials. Misra et al [10] have reported that the indentation
load–depth responses of the nanotube forests are ratedependent: the higher the indentation velocities, the stiffer the
load–depth curves. Such behaviour has been attributed to ‘the
local densification’ effects directly below the compressed area.
This paper reports the time-dependent creep deformation
of the VA-CNT arrays. The creep tests were performed
with a nanoindenter equipped with a spherical tip, from
which the creep strain rate sensitivity, or creep constant,
was obtained. The nanoindentation strain rate sensitivity
experiment was probably first performed by Pollock et al
[11] and has been subsequently used to examine the creep
deformation of materials at small dimensions [12–16]. The
strain rate sensitivity experiment typically involves loading the
indenter at a high loading rate and then holding the load applied
on the indenter constant while monitoring the displacement
of the indenter as a function of time. Based upon the load
and displacement histories, the instantaneous hardness and
indentation strain rate can be calculated. The hardness–
indentation strain rate pairs are then plotted on a log–log graph
to determine the strain rate sensitivity.

1. Introduction
Vertically aligned carbon nanotubes (VA-CNTs) have drawn
considerable interest recently due to their new physical
phenomena attractive for a large range of potential
applications.
The VA-CNT arrays or films have been
investigated as field emission electron sources [1], electrical
interconnects [2] and thermal interface materials [3]. The
materials are likely structures for use in microelectronic
devices and microelectromechanical systems [4]. In addition
to the conventional VA-CNTs grown on planar substrates,
large-scale CNTs have recently been grown on microscale
carbon fibres [5, 6]. The VA-CNTs coated on carbon fibres can
be potentially used as stress and strain sensors for modifying
the fibre–matrix interfaces in composite materials [7], and as
artificial hair flow sensors for use on micro-air vehicles.
In all these applications, the mechanical properties of the
carbon nanotube arrays play important roles in their ultimate
success. Although the mechanical properties of the VA-CNTs
have been explored (mostly through nanoindentation or similar
techniques), most previous studies have been limited to
the static, elastic type deformation. Recently, time (rate)dependent viscoelastic deformation has been reported to occur
in nanotube materials. Mesarovic et al [8] and McCarter
et al [4] have reported the stress relaxation behaviour of
carbon nanotube turfs under a spherical indenter. The timedependent deformation is attributed to the contact movements
5
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2. Experimental procedures
2.1. Material preparation
The VA-CNTs were synthesized by low pressure chemical
vapour deposition (CVD) of acetylene on 15 × 15 mm2 SiO2 /Si
wafers. In a typical experiment, a 10 nm thick aluminium layer
was coated on the wafers before the deposition of 3 nm Fe
film in order to enhance the attachment of grown nanotubes
on the silicon (Si) substrate. The VA-CNT arrays can adhere
to the growth substrate under a more than 150 N cm−2 pull
force. The catalyst coated substrate was first inserted into the
quartz tube furnace and remained at 450 ◦ C in air for 10 min,
followed by pumping the furnace chamber to a pressure less
than 10 mTorr. Thereafter, the growth of the CNT arrays was
achieved by flowing a mixture of gases of 48% Ar, 28% H2 ,
24% C2 H2 at 750 ◦ C under 10–100 Torr for 10–20 min. The
length of the resultant aligned VA-CNTs could be adjusted by
controlling the deposition time and pressure. The nanotubes
produced by the present procedure were multiwalled, 3–6
walls, and had a narrow uniform diameter distribution between
10 and 15 nm.
The microstructure and morphologies of the carbon
nanotube samples were studied using scanning electron
microscopy (SEM), a field emission Hatachi S800 SEM unit.

Figure 1. The load–time curve used in the nanoindentation creep
experiments.

creep experiments reported here were conducted at ambient
condition (T = 23 ± 0.5 ◦ C). The temperature was monitored
by a LabView data acquisition system through several J-type
thermocouples embedded inside the testing chamber.

3. Results and discussion
2.1.1. Viscoelastic nanoindentation testing. The viscoelastic
creep tests were performed on a Nano Indenter XP (MTS Nano
Instruments, Oak Ridge, TN) with a spherical indenter of tip
radius of 150 µm. The resolutions for load and displacement
are 50 nN and 0.01 nm, respectively. The as-grown nanotube
arrays (nanotubes grown on silicon substrate) were tested.
The as-grown VA-CNT arrays had the nominal dimensions
of 10 mm (length) × 10 mm (width) × 500 µm (thickness).
For the indentation tests, the indenter was brought into contact
with the nanotube sample surface with the aid of an optical
microscope. Standard indentation loading experiments were
first performed to obtain the load–depth response of the
VA-CNT arrays to be tested. In general, the load–depth
response was linear elastic at small depths and then buckled
at large depths. The typical buckling load was found to be
approximately 4 mN or higher for these VA-CNT arrays. For
the creep experiments, smaller loads (typically 1.4 mN) were
used. To perform the indentation creep tests, the indenter
was quickly ramped to a control load within 1 s (figure 1).
When performing creep experiments with an indenter, it is
often advantageous to use a fast loading rate of the indenter to
ensure a much greater amount of creep during the constantload hold. That way, the time required for a material to
reach the steady-state stage can be minimized and the creep
test can be completed in a timely manner. Experiments with
different loading times were also conducted to evaluate the
effect of ramping rate on the creep response. The indenter
was then held at the constant load for a period of 600 s. The
hold segment was followed by an unloading segment. During
all experiments, the indenter loads and displacements were
recorded as a function of time. The thermal drift rate during
the experiments was controlled to be less than 0.1 nm s−1 . All

3.1. Morphology of the VA-CNT arrays
The surface morphology of the present nanotube specimens
was examined by the SEM. Figures 2 and 3 show the side and
top views of the specimen under various magnifications. As
can be seen, the nanotubes are well-aligned perpendicularly
to the substrate. The high magnification SEM images
(figures 2(b) and (c)) show that the constituent individual
nanotubes are somewhat zigzag-like along the nanotube length
with some entanglements between the nanotubes as a result of
the growth process. The areal density measurements for the
VA-CNT samples were conducted by counting the number of
nanotubes in the SEM image and then dividing the total number
of nanotubes by the total area of the image. The average areal
density of the current VA-CNT sample is d0 = 80 µm−2 .
Overall, the specimen has quite a smooth top surface that
is suitable for the nanoindentation tests (figure 3(a)). A typical
set of indentation tests (static and creep tests) would include
indentation at multiple locations within a given array and the
results have been found to be repeatable. Figure 3(b) shows
the typical residual indentation mark obtained from a loading–
unloading test. It should be noted that the load corresponding
to this indentation is higher compared with the load used
in typical creep experiments. The indentation obtained
at higher load provides a better image of the deformation
occurring during the indentation of VA-CNTs. It is seen
that no material pile-up is observed around the indenter,
indicating that the present nanotube array exhibits negligible
strain hardening. Such observation is useful and implies that
the contact depth between the indenter and the VA-CNTs
can be estimated through the conventional formula (to be
discussed in next section). If a material exhibits plastic pile-up
2
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Figure 3. (a) SEM micrograph showing the morphology of the top
surface of the VA-CNT array (t = 500 µm). (b) SEM micrograph
showing a residual indentation under spherical indenter of radius
R = 150 µm.

obtain the true load–depth response of the testing material [18].
The maximum indentation depth in the present experiments is
seen to be approximately 4 µm (figure 4), an equivalent of
indentation depth/sample thickness ratio h/t ≈ 0.01. Within
this small range of indentation, the influence of the Si substrate
on the indentation response of the nanotube sample becomes
negligible. The load–depth curve indicates that the VACNT array exhibits a typical elastic–plastic response. After
withdrawing the indenter, the indented surface did not return to
the original position, a sign of permanent deformation occurred
in the sample. On the other hand, it is noticed that while held
at a constant load, the indenter continues to penetrate into the
specimen, indicating that the VA-CNT array exhibits creep
deformation (insert in figure 4).
When indenting a viscoelatsic material, the creep
displacement needs to be subtracted from the elastic contact
depth formula. In addition, the contact depth between the

Figure 2. SEM micrographs showing the morphology of the side
surface of the VA-CNT array (t = 500 µm). (a)–(c) are SEM
images with increasing magnification.

during indentation, the estimate for correct contact depth could
become very complicated [17].
3.2. Load–depth response
A typical load–depth response of the VA-CNTs is shown in
figure 4. The maximum load applied to the indenter was
2.5 mN and the indenter holding time was 5 s. The nanotube
arrays used in the present experiments were grown on a rigid
Si substrate. For a sample supported by a hard substrate, it
is generally accepted that the indentation depth should not
exceed 10% of the sample thickness (h/t < 0.1) in order to
3
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Figure 4. The typical load–depth curve of the VA-CNT array with a
spherical indenter of R = 150 µm. The indenter holding time is 5 s.
Figure 5. The indentation displacement–time curves of the
VA-CNT arrays. The specimen with higher density was prepared
by squeezing the original nanotube specimen by a volumetric
factor of 2.

indenter and the specimen depends upon the indenter holding
time and unloading rate. After taking these factors into
account, the elastic contact depth (hc ) during the indentation
of a viscoelastic material is determined as follows [19]:


1
ḣv
hc = (hmax − hcreep ) − 0.75Pmax
,
(1)
−
S
Ṗ

van der Waals interactions in the carbon nanotube arrays are
weak and the individual tubes in the arrays can easily rotate
and slide with respect to one another [25]. The actual modulus
of the CNT arrays depends upon many factors, including the
density and morphology of the specimens.

where hmax is the maximum indentation depth, hcreep the
change in the indentation depth during the holding time and
Pmax the peak load. S is the elastic stiffness as determined
from the slope of the unload curve evaluated at the maximum
depth (S = (dP /dh)h=hmax ). ḣv is the creep rate at the end of
the load hold and Ṗ the indenter unloading rate.
Once the contact depth is determined, the indenter–
specimen contact radius a can be computed:

a = 2hc R − h2c ,
(2)

3.3. Viscoelastic creep
As evident in the load–depth curve (figure 4), the present
VA-CNT arrays exhibit time-dependent deformation (i.e.
creep). To conduct the creep experiments, a much longer
holding time (t = 600 s) has been applied to the indenter tip.
Figure 5 shows the indentation creep responses of VA-CNT
arrays with different tube densities: d0 = 80 µm−2 and
d1 = 160 µm−2 . The high density specimen was prepared
by squeezing the original nanotube specimen by a volumetric
factor of 2, according to a reported method [24]. The nanotube
array with a higher density is seen to exhibit a lesser degree of
creep. The result is in agreement with the numerical finding
reported by Liew et al [25], who studied the effect of tube
interspatial gap in CNT arrays using the molecular dynamics
(MD) simulation. The CNT array with smaller interspatial
gaps, or a higher tube density, tends to have higher buckling
load. This is due to the possibility of the formation of covalent
bonds among the individual tubes when the CNT specimen is
squeezed.
The creep deformation of the nanotube materials can be
divided into two stages: (1) transient and (2) steady state. In
the steady state, the elastic deformation has no effect on the
creep behaviour, and the indentation depth is a linear function
of the impression time. The steady-state creep rate, ε̇I , could
be related to control stress (hardness, H ) through a power-law
relationship [16, 18].
In the indentation creep experiment, the indenter tip
was subjected to a constant load during the holding period
(figure 1). However, the resultant stress (hardness) was not

where R is the indenter radius and hc the actual contact depth
of indenter and specimen.
After estimating the indenter–sample contact radius (a),
the instantaneous modulus (E) can be calculated following the
standard procedures [20]:
E=

1 − ν2
,
(1/Er ) − ((1 − νi2 )/Ei )

(3)

where Er = S/2 · (1.034) · a and Ei and νi are the elastic
modulus and Poisson’s ratio of the indenter (for diamond
indenter: Ei = 1140 GPa and νi = 0.07 [21]).
From the load–depth curve (figure 4), the contact stiffness
of the VA-CNTs was determined as 0.003 87mN nm−1 . Using
equation (3), the instantaneous modulus was determined as
58 MPa (by using a Poisson’s ratio ν = 0 [22]). This result
seems to be consistent with the corresponding values reported
in the literature [23–25]. Although the axial modulus of a
single carbon nanotube (multiwalled) could be up to 1 TPa or
higher [26–28], the moduli of the carbon nanotube arrays have
been found to be much lower. That is because the intertube
4
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constant, since the indenter–sample contact area continuously
increases during the indenter holding period. Thus, a single
representative hardness cannot be used to accurately describe
the controlled stress during the indentation creep. Instead, the
instantaneous indentation hardness (H ) should be used:
H =

P
,
πa 2

µ

(4)

where P and a are the instantaneous indentation load and
indenter–sample contact radius, respectively.
The deformation under an indenter is known to differ from
that occurring in a uniaxial test. The mode of indentation
deformation under a blunt indenter for an isotropic material
resembles a cavity expansion, as originally proposed by Bishop
et al [29]. According to this model, the material directly
adjacent to the indenter will be plastically deformed, while
the material far from the indenter will be elastically loaded.
Between the two regions is an elastic–plastic boundary or
the cavity boundary. The cavity expansion model has been
extended recently to the indentation of transversely isotropic
foam material by Tagarielli et al [33]. Overall, the cavity shape
(the cavity boundary) of a transversely isotropic material is
found to be similar to that of an isotropic material. Inside
the boundary the material is fully densified while the material
outside the band is elastic. During the steady-state creep, the
cavity boundary proceeds at a constant speed. It is reasonable
to postulate that the size of the cavity boundary is related to
the size of the indenter–sample contact area [30–33]. Thus,
the indentation strain rate (ε̇I ) can be defined as
ε̇I =

Ȧ
ȧ
= ,
A
a

Figure 6. Indentation hardness versus strain rate curves for the
VA-CNT arrays.

(5)

where Ȧ is the instantaneous change in contact area and A the
instantaneous contact area, and ȧ is the instantaneous change
in contact radius and a the instantaneous contact radius.
The indenter–sample contact radius (a) is computed via
equation (2) and the derivative of the a–t curve at the steadystate region yields the change in contact radius (ȧ). The ratio of
ȧ/a is the indentation strain rate (equation (5)). Equations (4)
and (5) allowed the tabulation of instantaneous indentation
hardness–strain rate pairs. The hardness–strain rate pairs were
then plotted on a log–log graph and the slope yielded the strain
rate sensitivity, m:
∂ ln H
.
(6)
m=
∂ ln ε̇I

Figure 7. The load–time profiles used to examine the effect of load
ramping rates in nanoindentation creep experiments.

The strain rate sensitivity seems to be independent of
the ramping rates of the indenter. The trends of ln(H )–
ln(ε̇I ) curves are identical for different ramping rates from
0.14 mN s−1 through 0.28 mN s−1 to 1.4 mN s−1 (figure 7), and
the resultant strain rate sensitivities are also approximately the
same (figure 8). This finding is consistent with the results
reported for polymers [16] and metals [15].
The mechanism of creep is known to vary from material
to material. Depending on the microstructure and operative
temperatures, different creep mechanisms apply even for the
same material [34, 35]. This paper is probably the first to report
the viscoelastic creep phenomena occurred in VA-CNT arrays.
A thorough understanding about the creep mechanism of the
VA-CNTs would require further experimental investigations,
along with the development of proper rheological models. To
a first approximation, we attribute the viscous creep to the
complex microstructure of the CNT array itself. Although the
present CNTs are nominally aligned and straight, the actual
shapes of the tubes are helical (figure 2(c)). The macro-scale

The plots of ln(H ) versus ln(ε̇I ) for the VA-CNT arrays
are shown in figure 6. It is seen that the relation between
the hardness and strain rate for each CNT array is linear
(the coefficient of correlation >0.99) at large displacements,
corresponding to the steady-state creep. The slopes of ln(H )–
ln(ε̇I ) curves yield the strain rate sensitivities. The VA-CNT
array with a higher tube density is seen to have a smaller strain
rate sensitivity, m1 = 0.013. The time-dependent deformation
is thus affected by the ‘density’ of the nanotube arrays. The
denser the tube material, the fewer the geometric freedoms for
tube movement, and thus the less creep deformation.
5
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4. Conclusions
Viscous creep in VA-CNTs has been measured from the
nanoindentation experiment. In the test, the indenter is quickly
ramped to a control load and then held at the peak for a period
of time. Resulting creep response is seen to consist of two
stages: (1) a short transient stage and (2) a steady-state stage, in
which the rate of displacement is constant. The instantaneous
control stress (hardness, H ) and strain rate (ε̇I ) are monitored
during the experiment, and the slope of the ln(H )–ln(ε̇I ) curve
yields the strain rate sensitivity of the nanotube material. The
instantaneous modulus of the VA-CNT array was found to be
58 MPa, though the axial modulus of a single SWNT could be
as high as 1 TPa. The strain rate sensitivity depends on the
density of the nanotube arrays. Denser nanotube material has
fewer geometric freedoms for the tube movement, and thus
less creep deformation. It was demonstrated that the strain
rate sensitivity of the VA-CNT array decreased by a factor of
2 simply by doubling the nanotube density.

Figure 8. Indentation hardness versus strain rate curves obtained at
various load ramping rates: Ṗ1 = 0.14 mN s−1 , Ṗ2 = 0.28 mN s−1 ,
Ṗ3 = 1.4 mN s−1 .
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