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An in situ high-temperature nanomechanical instrument was used inside an SEM at high vacuum
to investigate properties of covalently interconnected CNT porous structures in a wide range of
temperature. An irreversible buckling at the base of pillar samples was found as a major mode of
deformation at room and elevated temperatures. We report the variation of elastic modulus,
critical load to first buckle formation and other change in mechanical properties as a function of
temperature. We also showed a remarkable fatigue resistance of CNTs at room temperature and a
gradual change in resistance at high temperature. Molecular dynamics (MD) simulation of
compression highlights the critical role played by covalent interconnections which prevent
localized bending and improved mechanical properties
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Abstract

Carbon nanotubes (CNT) are one of the most appealing materials in recent history for both
research and commercial interest because of their outstanding physical, chemical, and electrical
properties. This is particularly true for 3D arrangements of CNTs which enable their use in larger
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scale devices and structures. In this paper, the effect of temperature on the quasistatic and
dynamic deformation behavior of 3D CNT structures is presented for the first time. An in situ
high-temperature nanomechanical instrument was used inside an SEM at high vacuum to
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investigate mechanical properties of covalently interconnected CNT porous structures in a wide
range of temperature. An irreversible bucking at the base of pillar samples was found as a major
mode of deformation at room and elevated temperatures. It has been observed that elastic
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modulus and critical load to first buckle formation decrease progressively with increasing
temperature from 25ºC to 750ºC. To understand fatigue resistance, pillars made from this unique

M
AN
U

structure were compressed to 100 cycles at room temperature and 750ºC. While the structure
showed remarkable resistance to fatigue at room temperature, high temperature significantly
lowers fatigue resistance. Molecular dynamics (MD) simulation of compression highlights the
critical role played by covalent interconnections which prevent localized bending and improve
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mechanical properties.

AC
C

MD simulation

EP

Keywords: Carbon nanotubes, In-situ nanomechanics, High temperature testing, Fatigue testing,

2

ACCEPTED MANUSCRIPT

Introduction
Carbon nanotubes (CNTs), extraordinary materials with exceptional mechanical, chemical,
electrical, thermal, and functional properties, have attracted the attention of scientists from
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different fields [1, 2]. In the past two decades, CNTs have been explored for different
applications, ranging from energy storage to high impact resistance materials [3-5]. Their low
density and high-temperature stability along with ~1 TPa elastic modulus of individual
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nanowires have been a drive for a broad range of structural applications [3, 6, 7]. For more than a
decade, three-dimensional (3D) CNT-based architectures have been synthesized and their
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mechanical properties have been tested under different loading and strain conditions [8-11]. Such
3D structures show unique mechanical behavior such as superelasticity, viscoelasticity, selfstiffening, high-frequency damping, and others [12-16]. Undoubtedly, most of these properties
are important for specific structural applications and are not observed in conventional bulk
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ceramics and metals. In some applications, mechanical behavior at elevated temperatures is one
of the key issues as the engineering components are exposed to high-temperature environment
[17, 18]. Evaluation of high-temperature properties of CNT based architectures has remained

EP

unexplored so far, in part due to experimental difficulties. Although CNTs start oxidizing above
500ºC in the ambient environment, they are stable at higher temperature in vacuum and inert
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atmosphere. Thus, an inert or vacuum environment is essential for evaluation of its hightemperature mechanical properties. To understand mechanical behavior of small-scale CNT
structures, we also need high precision instruments that can operate at an elevated temperature in
vacuum. In this study, an SEM nanomechanical instrument was used to conduct high
temperature mechanical testing at a vacuum level of ~10-6 Torr and at a maximum temperature of
750oC.
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We have chosen CVD grown vertically aligned interconnected nanotubes (reported to be the
nanotube 3D architecture with highest stiff) for our mechanical testing [19, 20]. To maintain
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uniform samples for testing, square cross-section of micro-pillars were fabricated from the 3D
carpet of CNTs. High-resolution SEM was used for capturing video and images during testing
and to correlate mechanical properties with deformation behavior. To gain further insights into
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the deformation process, fully atomistic reactive molecular dynamics simulations were carried
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out.

Experimental procedure

CNT growth: The blocks of carbon nanotubes were grown by chemical vapor deposition using
ferrocene and xylene on silicon wafer substrates. Detail of the synthesizing technique of 3D
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structure is discussed elsewhere [7, 19]. The surface of the substrate was sputtered by 10 nm
aluminum and 1.5 nm iron films prior to the growth process. This technique allowed to produce
the interconnected 3D-CNT scaffold in varying sizes. The density of 3D structure can be varied

EP

0.13 to 0.32 mg/mm [3, 19]. The morphology and structural properties of interconnected CNTs
were investigated by scanning electron microscopy (Quanta ESEM, FEI Company) and
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transmission electron microscopy, 2100F (JEOL), Raman microscopy, 633 nm laser (Renishaw),
and X-ray photoelectron spectroscopy.
Sample preparation and high temperature mechanical testing: An in situ nanomechanical
instrument, PI 88 SEM PicoIndenter (Bruker Nano Surfaces) with an integrated high-temperature
stage and an active tip heating, fig. 1a, was used to conduct uniaxial compression of pillar
samples. Micropillars of dimensions 15 µm x 15 µm in cross-section and 25-30 µm in height
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were prepared from the middle of the bulk sample by focused ion beam (FIB) as shown in Fig.
1b-c. The quasistatic and dynamic compression tests were conducted with a 20 µm flat punch
diamond probe. Using the displacement-controlled feedback mode of the system, the pillars were
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compressed to 8-38% strain at a strain rate of 10-3 s-1. The tests were conducted at room
temperature (RT) as well as at several elevated temperatures of up to 750°C. In situ mechanical
testing allowed precise alignment of the tip with the sample as well as direct and real-time
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observation of the deformation processes. A benefit of performing these tests in the SEM is that
the high vacuum environment limits oxidation and degradation of the sample, especially at high

minimizes thermal drift of the system.
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temperatures. Water circulation through cooling blocks at the sample heater and transducer

Simulation Details: Molecular dynamics simulations (MD) were carried out using the Mueller
parametrization [21] of the Reactive Force Field (ReaxFF) [22], as implemented in the
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LAMMPS MD package [23]. The model CNT pillars were comprised of 5x5 arrays of 10 nm
long double-walled carbon nanotubes (DWNT). Structures with and without interconnections
were considered for the simulation. For the former, we used defective (5% vacancies) (5,10)

EP

CNTs inside (10,10) CNTs. For the latter, we considered pristine (5,5) CNTs inside (10,10)
CNTs. Before carrying out compression tests, we first minimized and then thermalized out
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model systems for 400000 steps in the NVT ensemble, using a chain of three Nosé-Hoover
thermostats. A time-step of 0.1 fs was employed during all simulations. For the constant force
compression tests, the bottom side of the pillar was fixed, and the top side was treated as a rigid
body keeping the external torque components null in order to avoid undesired rotations. At this
point, a force of F = 2584 nN was applied to the top side of the pillar, equally distributed
between all its constituent atoms. We considered two temperatures within the range of the
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experimental setup: 27oC and 727oC. For the constant indenter velocity tests, a planar surface
was displaced downwards at a constant rate of 0.5 Å/ps while the bottom part of the CNT pillar
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PT

was kept fixed.

Results and discussion

Interconnected CNTs were grown by CVD method on a silica substrate, as described in detail in

SC

our previous publication [19]. The mechanism of formation of these interconnected 3D structures
is explained as following: the initial CNT grows on the catalyst deposited substrate, similar to
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regular CNT forest that grown using CVD methods [7]. However, after the initial growth of a
CNTs started, the secondary catalyst (i.e. carbon source and iron) deposit on the growing CNT
and acts as a nucleation site for the growth of another CNT as a branch. To understand the
morphology of the interconnected CNTs, the top and side surface of as grown interconnected
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CNT blocks was imaged by an SEM (Fig. 1c-e). CNT blocks have uniform microstructure and
evenly distributed microporosites. The side view of SEM images shows that CNT pillars consist
of interconnected network structures (fig. 1e-g).

The bright-field TEM images (fig. 1h-k)

EP

confirm that individual nanotube structures are interconnected and covalently bonded. Fig. 1
shows the Raman spectra of interconnected CNTs, which consist of two main peaks, G-band (at
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1585 cm−1) and D-band (at 1343 cm−1), associated with graphitic-like and disorder structures,
respectively [24]. A quantitative measurement of the defect density in the CNT sidewall can be
determined by the ratio of these two bands, ID : IG (0.58), which is related to the number of
defects on the surface of nanotubes and at the junctions between individual CNTs. In addition,
the full-width-half-maximum (FWHM) of D-band is also related to the quality of CNTs. In
general, when the quality of the CNTs samples increases, the FWHM of D-band decreases. Here,
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the FWHM of D-band and G-band is 165.5 and 67.9 respectively. The high FWHM of the Dband is due to the defects on the surface of CNTs and between individual junctions. The peak at
~2700 cm-1 indicate the G’-band, which is the second order of the D band and is referred to as its
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overtone. The 2D-band originated from a two-phonon lattice vibrational process, but unlike the
D-band, it is not related to defects of the nanotubes. XPS was used for quantitative chemical
analysis of interconnected nanotubes (fig. 1m). The C1s core level peak positions of the carbon
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and oxygen atoms are approximately at 285 eV and 532 eV respectively (Figure S1). The peak
position at 284.5 eV, 285.4 eV and 286.2 eV corresponds to C-C, C-O and C=O bonds
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respectively.

Fig. 2a displays a typical engineering stress - engineering strain plot which is calculated from
load-displacement data obtained from a displacement-controlled test conducted at room
temperature. The plot shows that stress increases linearly with strain until a critical stress at point

TE
D

A (σA), at which stress dropped to a lower stress plateau, called instability stress at point B (σB).
As the strain on the structure increases (B-C), several small stress drops can be observed. Fig.
2b-d shows microstructural changes at the pillar base. Microstructural images in this study and
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others [15, 25] confirm that the critical stress (σA) is associated with the formation of the first
buckling wrinkle at the bottom of the pillars (fig. 2b). As strain increases, additional wrinkles are

AC
C

formed which lead to small stress drops in the stress-strain plots (B-C). The overall changes in
the microstructure indicate a collective buckling behaviour, as illustrated in Fig. 2c [26]. Under
an applied load, the CNT sections of turfs, which has a fully constrained base, reorient towards
one direction to accommodate the plastic strain. The local position at where the buckling starts
depends on the density and the microstructure of the scaffolds. In our post-mortem analysis, the
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maximum density of buckle formation was observed near the base, which is shown in a highmagnification image in Fig. 2d.
Next, the results from high-temperature mechanical tests are discussed. Stress-strain plots of
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PT

pillar compression at room temperature to 750oC are shown in figure 3a. The pillars were
compressed to a range of strain from 8% to 38%. It can be noticed that the pattern of stress-strain
curves remains the same at all the temperatures although σA decreases with increasing

SC

temperature. This indicates that temperature has an influence on the nucleation of buckling event
in the nanotubes. The change in slope in the linear part of the stress-strain plots indicates that
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elastic modulus decreases with increase in temperature, which is plotted in Fig. 3b. An average
elastic modulus was calculated to be 640 MPa at RT, which decreases to 530 MPa at 300°C (7%
change), to 300 MPa at 600-700ºC (46% change) and 150 MPa at 750ºC (70%). Critical stress
for first buckle formation, σA and net stress drop, σA - σB, are plotted as a function of temperature

TE
D

in Fig. 3c. σA changes more linearly with temperature; σA at RT was found to be 27.2 MPa which
reduces by 77% at 750ºC. On the other hand, a sharp decrease in stress-drop (σA - σB) can be
observed only at 300ºC and then net stress does not change significantly with temperature. The

EP

results confirm that temperature has a significant influence to initiate a bucking event in the 3D
structure. At higher temperature, lattice fluctuations promote lowering of bond strength at the
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interfaces of CNTs resulting an easy buckling event. It has been reported that heating at inert
atmosphere at elevated temperature causes progressive destruction of the integrity of CNT
structure [27, 28].

Analytical calculations were developed in order to describe the strong dependence of the elastic
modulus with the temperature. Our calculations were based in a model [29] that describes a
parallel array of nanotubes under compression with a simple modification that adds a
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temperature dependence and a global contribution to it, in a way that the effective elastic
modulus ( ′) is calculated as

in which

is the real elastic modulus at

inclination angle,

∗

1−

/

∗

,

(1)
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′=

= 0,

is the nominal density factor,

is the average

are critical parameters to be determined and !′ = !" 1 − # + #!%

and
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depends on the individual contributions of the local (!& ) and global slenderness (!' ) according to
the interaction factor (#). Adding the same global contribution to the plateau strength () (here

() =

, 1

2
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considered as the average between (* and (+ ) we get

4 ′

2

′ /3

′.

2

(2)

Considering that the 3D CNT structures have a square base of side " ≈ 15 1m filled with perfect
cylinders of length 2 ≈ 27.51m and radius 5 ≈ 15nm we can calculate the local and global
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slenderness as !& = 22/5 ≈ 3667 and !' = 2√12/" ≈ 6.35, respectively. The 3D CNT
structures density 9: ≈ 0.225 g/cm3 and the theoretical density for multi-walled CNTs 9 ≈
2.45g/cm3 [30] lead us to a nominal density fraction

= 9= /9> ≈ 0.092, which means that the

EP

experimental structure has ~ 91% of free space when compared to the theoretical one.
= 1TPa, it is possible to derive the coefficients
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Based on the above equations and considering

by doing a best fit together with the experimental data. This lead us to

∗

≈ 1100K,

≈ 0.49,

≈ 19° and # ≈ 0.99 with a good fit of the data (see Fig. 6). It is possible to conclude that the

3D CNT structures have a strong dependence on the temperature characterized by a drastic drop
on its elastic properties and if experiments at higher temperatures are considered this effect is
expected to be even stronger and the mechanical properties more affected. The 3D CNT
structures could also have a small inclination and the global slenderness has a very significant
9
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role in the compression process. Also, Eq. (1) together with the parameters obtained here may be
utilized to estimate the elastic modulus

′ at temperatures and densities that were not

investigated here.
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To understand the fatigue resistance of the CNT structures as a function of temperature, the
pillars were compressed to 100 cycles at RT and 750ºC. The load-displacement data were
converted to stress-strain plots which are shown in Fig. 4a at RT and in Fig. 4b at 750ºC. The

SC

strain applied in the first cycle (black data) was 6%. The pillar was unloaded and reloaded to
12.5% strain at 2nd cycle (orange data) to 100 cycles (green data). The following features of the
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deformation process are similar at RT and high temperature. The stress jump, which was present
in the first cycle, was absent in the next cycles. In the 2nd cycle, stress-strain curve does not show
initial elastic linearity, but shows two distinct regions. The first segment of loading is fairly
smooth, and the second segment loading presents many small stress drops. From the 3rd cycle
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and onward, stress-strain curves show a similar behavior with low stiffness during initial
straining and high stiffness during final straining. Although both temperatures showed a similar
pattern of deformation, the major difference were the change in compressive flow stress (σf) at

EP

the maximum strain. The compressive stress at 12.5% strain, σf, at RT does not change much
whereas σf drops rapidly at 750oC. To examine the effect of temperature, the maximum
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compressive stress at 12.5% strain (σf) is normalized with the compressive stress at the 2nd cycle
(σo) and plotted in Fig 4c. The results were also compared with the fatigue study conducted by
Ajayan et al. on non-interconnected bonded CNT scaffolds at room temperature [31]. In the
current study, σf , 23.9 MPa, at the 2nd cycle gradually drops to 22.3 MPa at 100th cycle (6.69%
reduction). Most of the reduction in σf appears during the initial cycles. The change in σf was
found less than 1% after 30th cycle. At 750oC, σf in the 2nd cycle is 10.4 MPa which decreases to
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4.1 MPa at 100th cycle (60.57% reduction). The change in σf in ref 27 at RT is much higher
(~20%) than the change observed in the present study which implies that interconnected CNT
structures have higher fatigue resistance than non-interconnected structures.
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The vertically aligned CNTs (VACNT) and their structures are associated with both covalent and
van der Waal bonding in the network [32]. The bonding between the neighboring carbon atoms
in an individual CNT are sp2 covalent resulting in superior mechanical properties. However, in

SC

most studies on VACNT, individual nanotubes are mainly attached by weak van der Waals force.
The reported values of the elastic modulus of such non-interconnected VACNT varies between
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30 KPa – 100 MPa, unless the structure is used as a reinforcement component in composite
materials [32]. The average elastic modulus of 640 MPa obtained in this study is the highest
reported by any literature for a 3D CNT structure without an embedded matrix and coating. The
enhancement of modulus is due to the presence of covalently bonded interconnects. A reduction

TE
D

in porosities can result in higher elastic modulus, however, the density of the structure in this
study is not significantly different from other studies [31].
In the fatigue study, characteristic viscoelastic-induced hysteresis with nonlinear loading curve

EP

was observed after the 2nd cycle. Two distinct trajectories can be noticed in the stress-strain
curves in the loading and unloading segments. The hysteresis loops do not change significantly

AC
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with cycles at RT showing a steady state, which can be described as shape memory
characteristic. This behavior can be compared with the preconditioning nature of such structure
described by Ajayan et al.[32]. The fatigue resistance of the structure was measured at a constant
compressive strain as a function of cycles. Most of the reduction in maximum compressive
stress, σf, happened during initial cycles and only 1% stress dropped occurs after 30 cycles to 100
cycles. As mentioned earlier, the first cycle of the loading caused irreversible buckling
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deformation at the base of the pillar. The next few cycles made subsequent smaller buckling
events reaching a steady state after a few cycles. It could also be noticed that unloading curves
did not show any change as loading curve which confirms buckling events are irreversible
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deformation. Two trajectory behavior in the loading segment can be explained using the concepts
applied to other porous and foam materials. The low stiffness part of the curve appears due to
reversible bending of the structure, and after certain strain the sharp increase in the stiffness is

SC

due to densification of the structure. The fitting of the straight lines at low stiffness region and
high stiffness region confirms that the change from one deformation mode to another appears at
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a critical strain which is 9.7% at 3rd cycle and increases to 11.2% at 100th cycle. The stress-strain
curve changes significantly with temperature although the overall nature remains similar.
Hysteresis loops decrease considerable when the tests were conducted at 750ºC as shown in Fig.
4b. The critical strain for change in deformation mode appears at 7.8% at 3rd cycle and 13% at

TE
D

100th cycle.

To better understand the nanoscopic behavior of carbon nanotube pillars under pressure at higher
temperatures, we have performed molecular dynamics simulations (MD) on two sets of CNT

EP

structures; one with and another without interconnections. In the setup used in these simulations,
a constant force was applied to compress model pillars at 27oC (300K) and 727oC (1000K), Fig.
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5. To evaluate how compression modified the structure of CNTs, the total number of bonds in
the model structure was tracked over time. At room temperature, compression leads to a decrease
in bond number, n/n0. n represents the current number of bonds at a particular time scale and n0
is the initial number of bonds, as shown in fig. 5d. At a higher temperature (727oC), after an
initial decrease in the number of bonds, n actually increases, due to bond reconstruction. At the
simulation end, the number of bonds formed had surpassed the number of broken bonds, as the
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high temperature and pressure favored bond reconstruction. Such a process may account for the
strengthening of the material under compression during the initial cycles. It is important to
emphasize that high temperature may favor the formation of atomic bonds, but weaken the
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underlying networks and also allow increased thermal vibrations in the structure. An MD
trajectory of a compressive test at constant force is presented in the supplementary material
(video S1). Observe the structure buckles readily at higher temperature.

SC

Compression MD simulations were also carried out on CNT pillars with and without
interconnections to investigate their effect on the mechanical properties. A planar indenter was
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moved towards the pillar at a constant velocity (see Fig. 5b). The results, displayed in Fig. 5e,
show that the maximum stress supported by the structure at a given strain before failure was
higher in the presence of interconnections. The major deformation mode was observed to be
bending or buckling failure of nanotubes. For the case of non-interconnected structure, as the
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local stress values increased, nanotubes were free to bend individually. The bending mode
decreases the overall stress leading to non-monotonic stress behavior observed in Fig. 5e. The
simulation study shows that interconnects play a key role to prevent localized bending at a low

EP

strain. The result corroborates our assertion that enhanced mechanical properties found in the
experimental part of this study are due to the presence of covalently bonded interconnects. This
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result might be better visualized with the aid of video S2 of the supplementary material. Observe
that the CNTs in the structure without interconnections readily bend in different directions under
compression. Meanwhile, the CNTs in the structure with interconnections remain vertical
initially (undergoing compression) and, as strain increases, eventually bend collectively.
Conclusion
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In summary, nanomechanical behavior of chemically interconnected 3D CNT structures without
a matrix was investigated using a high-temperature nanomechanical instrument inside an SEM.
The covalently bonded structure showed elastic modulus of 640 MPa which is significantly
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PT

higher than elastic modulus of non-interconnected CNT structures reported in the literature. A
strong dependency of temperature on elastic modulus was observed. Elastic modulus decreases
linearly with increasing temperature and 70% reduction in elastic modulus was measured at

SC

750oC. Buckling at the base of the pillar was found as a major mode of permanent deformation at
room temperature as well as at elevated temperatures. Critical stress required for first buckling
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event decreases gradually with increasing temperature whereas net stress change due to first
buckle formation drops significantly only at 300oC. Compression fatigue experiments showed
that maximum load bearing stress at a particular strain reduced by a small amount at RT (6.69%)
and significantly at 750oC (60.57%) after 100 cycles of loading. The nature of the cyclic stress-
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strain curves remains the same at RT and higher temperature. MD simulations of compression of
pillars revealed that interconnections improve mechanical properties of CNT pillars by
preventing localized bending of nanotubes during compression.
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Fig. 1. (a) Schematic view of in situ SEM nanomechanical instrument showing different
components of high temperature system, (b) Schematic depicting the geometry of the sample
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used for pillar compression, (c) Tilted SEM image of the pillar sample prepared by focused ion
beam, (d) Low magnification top view and (e) side view of the 3D interconnected carbon
nanotube architecture, (f)-(g) High magnification SEM image of interconnected nanotubes, (h)-
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(k) Bright field TEM images of the nanotubes showing the junctions, (l) Raman spectrum (m)
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XPS of the interconnected nanotubes.
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Fig. 2. (a) A typical engineering stress vs engineering strain curve at room temperature. (b) High
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PT

magnification SEM image of the base of the pillar showing buckling of the nanotubes marked by
an arrow. (c)-(d) SEM images of the pillar showing high density region at the base of the pillar.
(e) Schematic showing the primary mode of deformation which is a buckling event at the base of
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the pillar.
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Fig. 3. (a) Engineering stress vs engineering strain of the interconnected 3D CNTs at different
temperatures (RT, 300, 600, 700 and 750oC). (b) Variation in Elastic modulus with temperature,
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(c) Change in critical stress (σA) and stress drop (σA - σB) as a function of temperature.
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4.

Stress-

strain curves of 100 cycles fatigue loading of pillar samples (a) at room temperature, (b) at
750oC. (c) Plots of compressive stress at 12.5% strain (σf) normalized by compressive stress at
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2nd cycle (σo) as a function of number of cycles (n). The current data is compared with fatigue
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loading of a non-interconnected carbon nanotube structure27.
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Fig. 5: (a) Schematic view of the setup employed in MD simulations to compress a model CNT
pillar with a constant force. (b) Schematic view of a setup used in compression tests, where a
rigid indenter was displaced downwards at constant velocity, and the response force was
recorded. (c) Cross-section of model pillars with and without interconnections. (d) Results from
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constant force MD simulations. n is the current number of bonds at a particular time, and n0 is
the initial number of bonds. Inset showing snapshots taken at t = 10 ps for simulations
considering two temperatures. (e) Results from CNT pillar compression at constant velocity.
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Model structures without interconnections support much lower loads, despite being composed of
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stronger defect-free CNTs.

Fig. 6: Best fit curves of (a) effective elastic modulus

′ as a function of the temperature T
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showing an accentuated drop and (b) plateau strength () as a function of ′.
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Supporting Information
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Figure S1. (a) The survey XPS spectra of CNTs, (b) elemental scan of Oxygen.
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