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The structure and morphology of the reinforcing material play an important role in the vibration damping
characteristics of polymer composites. In this work, multiwalled carbon nanotubes (MWCNTSs) with different
structures and morphologies are incorporated into a polymer matrix. The vibration damping characteristics
of the nanocomposites, in Oberst beam configuration, are studied using a free vibration test in cantilever
mode. Inner tube oscillation is established as the vibration damping mechanism by correlating the extent
of the loss factor obtained from the two nanocomposites with the dissimilarities in the structure and
morphology of the two varieties of MWCNTs. Inner tube oscillation is simulated using molecular
dynamics (MD). Since the open-ended double walled CNT (DWCNT) models used in earlier studies over
predict the damping, we propose a capped DWCNT model. This can simulate the atomic interactions at
the end caps of the tube. This study indicates that the contributions to the observed damping have their
origins in the interaction between atoms that constitute the inner and outer tubes rather than the inter-

rsc.li/nanoscale-advances tube frictional energy loss.

1. Introduction

Polymer based composites combine the viscoelastic properties
of the matrix material as well as the interfacial properties of the
reinforcing material resulting in enhanced vibration damping.*
Hence, they are widely used in passive vibration damping
applications in aircrafts, automobiles, trains, submarines,
ships, etc.'”* Significant improvement in vibration damping can
be achieved by incorporating nano-scale particles as a rein-
forcement into the polymer matrix.*® The structure and
morphology of the reinforcing material affect the damping
characteristics of the bulk composite. For example, even though
both boron nitride nanotubes (BNNTs) and multiwalled carbon
nanotubes (MWCNTSs) have a tubular structure, their micro-
structure is significantly different. The BNNTs have discontin-
uous “bamboo-like” nodes,® whereas the MWCNTs have
a continuous tubular structure. Compared to the BNNT rein-
forced composites, the MWCNT incorporated composites have
higher vibration damping.” This was attributed to the micro-
structure of the nano-fillers. The sword-in-sheath or inner tube
oscillation mechanism” (sliding of the inner tubes) is favoured
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by the structure of MWCNTs which results in higher energy
dissipation.

In another study, CNTs with two or more number of tubes
were found to be a better reinforcement for damping applica-
tion compared to single walled carbon nanotubes (SWCNTs).?
Molecular dynamics (MD) simulation of lateral oscillation of
a SWCNT with chirality (5,5) and a double walled carbon
nanotube (DWCNT) which is comprised of an open-ended inner
tube and outer tube with chiralities (5,5) and (10,10) respectively
was carried out.’ In the simulation, the individual SWCNT and
DWCNT were placed in a cantilever beam configuration and the
free end of the cantilever was displaced to set lateral oscillation
in them. It is observed that the vibration damping of the
DWCNT is an order of magnitude higher than that of the
SWCNT. The inner tube oscillation in the DWCNT resulted in
higher energy dissipation compared to the SWCNT.

The potential applications of the inner tube oscillation in
MWCNTs are in nano-electro-mechanical systems (NEMSs) to
build nano-engines, motors, oscillators, etc.'*** Low friction
between adjacent tubes and low wear during inner tube oscil-
lation'"** are the other added advantages of MWCNTs for their
application in NEMSs.

MWCNTs synthesized by different techniques have signifi-
cantly different structures and morphologies.” The present
study focuses on the effect of differences in the structure and
morphology of CNTs on the vibration damping behaviour in
polymer composites. The MWCNTs considered in this study are
synthesized by two well-known methods, viz.,, plasma arc
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discharge and chemical vapor deposition (CVD) techniques.
The CNTs synthesized by the plasma arc discharge technique
are straight over the entire length (henceforth referred to as
straight MWCNTs (sMWCNTSs)), whereas those synthesized by
CVD are coiled and entangled (henceforth referred to as coiled
MWCNTSs or cMWCNTs). In this work, we show that the vibra-
tion damping characteristics of SMWCNT reinforced epoxy
composites are better than those reinforced with cMWCNTSs.
The micro-structure responsible for the differences in the
damping behaviour is simulated using MD. Open ended CNT
models used in earlier studies over predict the damping.'*"®
Hence, we propose an end capped CNT model which can
simulate the atomic interactions at the tube ends in closed
CNTs. The variation of dissipated energy and the dissipation
rate with respect to the axial inner wall distance was estimated.
The results show the mechanism of damping in CNTs, which
originates from the interactions between atoms that constitute
the inner and outer tubes.

2. Experimental details
2.1 Materials

The epoxy resin used in this study is based on diglycidyl ether of
bisphenol A (DGEBA) and has a viscosity of 450-650 mPa s at 25
°C. The curing agent is polyamidoamine with a viscosity of
10 000-25 000 mPa s at 25 °C. Both were purchased from
Huntsman International India Pvt. Ltd. Mumbai, India.
Methods adopted in previous research have been followed for
the synthesis and purification of arc discharge CNTs." The arc
discharge CNTs are referred to as “sMWCNTs”. CNTs synthe-
sized by CVD were purchased from Chengdu Organic Chemicals
Co., Ltd, China. These CNTs are referred to as “cMWCNTSs”.
This terminology is based on TEM analysis, which is discussed
in Section 4.2.

2.2 Fabrication of the epoxy/CNT nanocomposite

Both varieties of CNTs were ultrasonicated in ethanol using
a bath ultrasonicator (CREST Ultrasonics, NJ, USA) for 10 min
with 25 and 132 kHz frequencies operated in parallel. Epoxy
resin was added to the ultrasonicated CNT-ethanol dispersion
and stirred for 30 min using a magnetic stirrer. The solution
was heated at 85 °C for 10 h to remove ethanol by evaporation.
The dispersion was then degassed by keeping it at 40 °C in an
oven for 30 min. The curing agent was added to this (ratio of
resin to curing agent, 2 : 1 by weight). It was manually stirred
using a glass rod for 5 min and then stirred using a magnetic
stirrer for 15 min. Finally, it was injected into a Teflon mould
lined with silicone rubber. Curing was done for seven days at
room temperature. Epoxy composites with 0.5, 1, 2.5 and 5 wt%
of CNTs (both ¢cMWCNTs and sMWCNTs) were prepared.
Details of the mould and the injection process are described
elsewhere.?**

2.3 Material testing and characterization

The free vibration test was conducted according to ASTM E756-
05 in Oberst beam configuration (one side damped).”> 2 mm
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thick aluminium was chosen as the base material and a 2 mm
thick nanocomposite layer was cast on this. The beam dimen-
sions were 200 mm (length) and 10 mm (width). The free length
was 180 mm. An initial tip displacement was applied to the
beam using an impact hammer (Model 5800B4, Dynapulse,
Dytran Instruments). The tip displacement was recorded using
an accelerometer (Dytran Instruments) with a sensitivity of 100
mV g~ '. The frequency range of the accelerometer was 5 to
10 000 Hz. An NI 9234 data acquisition system from “National
Instruments” was used to collect the data through “m+p smart
office” application. Loss factors at the first two natural
frequencies were calculated by the half power bandwidth
method from the frequency response function (FRF). From this
the loss factors of the nanocomposites were calculated by using
Ross-Kerwin-Ungar (RKU) equations® given in the ASTM
standard specified above. For a given CNT content, five samples
were tested. The average value of the loss factor with standard
deviation in the first two modes was plotted against the CNT
content.

In order to characterize the nano-scale spacing at the
spherical ends of the CNTs, both the varieties were ultra-
sonicated at 25 kHz and 132 kHz operated in parallel for 10 min
in ethanol. A small drop of this was added onto a carbon coated
copper grid. It was then examined using an FEI Tecnai T20 TEM
operated at 200 kV. For studying the CNT/epoxy interface in the
nanocomposite, electron transparent slices were made using
a Leica EM UC7 ultramicrotome and examined using an FEI
Tecnai T20 TEM. Further high-resolution microscopy analysis
was conducted using an FEI Titan TEM operated at 80 kV
equipped with an image corrector.

3. Simulation details

The MD simulations were carried out to understand the feasi-
bility of inner-tube oscillations in CNTs contributing to damp-
ing and to estimate the energy dissipation. Previous MD
simulation studies used open ended CNTs to simulate inner-
tube oscillations.'**® However, it is observed from the TEM
characterization that the CNTs exist with closed ends, like
a capped structure. In this study, a CNT model comprising two
tubes, a capped (5,5) inner tube and a capped (10,10) outer tube,
was used (Fig. 1). The diameter of each tube is determined from

the chiral indices (r, m) wusing the equation
3ac— .
d= %Vnz + m?2 + nm, where ac_c = 0.142 nm is the

Fig. 1 The model of double walled CNTs (DWCNTs) composed of
a (5,5) inner tube and a (10,10) outer tube. The axial inner tube distance
(S is marked. The inner and outer tubes have 340 and 880 atoms
respectively.
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carbon-carbon bond length in the graphene lattice. This set of
chiral indices were selected since they result in an inner tube
distance, along the radial direction, equal to 3.39 A. It is close to
the realistic value, i.e., 3.4 A, measured from the TEM images.
The spacing between the tubes along the axial direction is
termed the axial inner tube distance (S;). The S; of the DWCNTS
was varied from 2.5 to 10 A.

The atomic interactions within a tube were described using
adaptive inter-molecular reactive bond order (AIREBO) poten-
tial.** This many-body interaction potential can accurately
predict the mechanical properties of CNTs as well as the elastic
modulus of graphene.”?*® The inter tube interactions in
DWCNTs were described using Lennard-Jones (LJ) potential.
The parameters used for this potential are oc_¢c = 3.3407 A o
= 0.286 K] mol * and a cut off distance . = 15 A.>* The system
energy is minimized by using the conjugate gradient method.
This is then equilibrated at 300 K in a canonical ensemble for
0.1 ns. The time step was 0.01 fs. The inner tube was set to
oscillation when the outer tube was displaced along the axis
towards the inner tube. Oscillations were performed in a micro-
canonical ensemble for 0.8 ns with a time step of 1 fs. The
LAMMPS software package was used for all the calculations.?

4. Results and discussion

4.1 Comparison of the damping behaviour of straight and
coiled MWCNTSs

The frequency response functions obtained for nanocomposites
reinforced with straight and coiled MWCNTs are given in
Fig. 2(a) and (b) respectively. Loss factors in mode 1 (1) and
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mode 2 (7,) are calculated by using the procedure given in
Section 2.1 and plotted against the CNT content (Fig. 2(c) and
(d)). In both the modes, the nanocomposite with SMWCNTs
exhibited the highest loss factor; with the increase of the
SMWCNT content, the loss factor increases. In the case of
cMWCNT reinforced nanocomposites, the loss factor decreases
with the increase of the cMWCNT content. In the first mode, the
nanocomposites reinforced with 2.5 wt% sMWCNTs exhibited
the highest loss factor. It is around 45% higher than that of neat
epoxy. In the second mode, the nanocomposites with 5 wt%
SMWCNTs exhibited the highest loss factor. It is around 36.5%
higher than that of neat epoxy.

The incorporation of an optimum content of CNTs increased
the vibration damping of nanocomposites compared to that of
neat epoxy. The trend in the increase is not identical for the two
types of nanocomposites. A strong effect of the structure and
morphology of CNTs on vibration damping is also observed.
The microstructure of these CNTs needs to be analysed to
determine the mechanism of vibration damping.

4.2 Microstructure of CNTs

The bright field TEM images of CNTs synthesized by arc
discharge and CVD techniques are shown in Fig. 3(a) and (c)
respectively. The two varieties of CNTs have distinctly different
microstructures. The arc discharge CNTs are straight over the
entire length, whereas the CVD CNTs are individually coiled and
mutually entangled with many bends and kinks along the
length. Selected area electron diffraction (SAED) patterns shown
in the inset of Fig. 3(a) and (c) reveal similar reflections for both
varieties of CNTs. The pristine nature of their surfaces has been

80 b —o— neat epoxy
—— +0.5Wt.% CMWCNT
701 ( ) ———:;xx;nm.%wwcm |
——epoxy + 2.5 wt.% cMWCNT
60 __—=—epoxy + 5 wt.% cMWCNT |
501 Mode 1 Mode 2

Amplitude (dB)
w B
o

e
st V0
s

gt

10
0 T T T T T T T
50 100 150 200 250 300 350 400
Frequency (Hz)
0.30 ;
= neat epoxy
(d) o with SMWCNT
0.25+ 4 with cMWCNT|
0.20 = [
“ s 1
£10.154 ] I
0.104 ?
0.05-
0.00 T T T r T T

0 1 2 3 4 5
CNT Content (wt.%)

Fig. 2 Frequency response functions of epoxy reinforced with sMWCNTSs (a) and cMWCNTSs (b). Loss factors in mode 1 (c) and mode 2 (d) are

calculated as given in Section 2.1 and plotted against the CNT content.
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Fig. 3 Bright field TEM images of SMWCNTs (a) and cMWCNTs (c). The corresponding indexed SAED patterns are given as an inset in the
respective images. EDS of sSMWCNTs and cMWCNTSs shown in (b) and (d) respectively reveals the pristine nature of their surfaces.

revealed by the energy dispersive X-ray spectra (EDS) of
SMWCNTs and cMWCNTs, which are shown in Fig. 3(b) and (d)
respectively. The peaks corresponding to copper are from the
supporting copper grids and that corresponding to oxygen
could be from copper oxide. The diameter of at least 100 CNTs
in both the varieties was measured using Image]J software from
the bright field TEM images. The average diameters of
SMWCNTs and cMWCNTSs are 15.2 & 5.5 nm and 16.6 = 6 nm
respectively. The average diameters of both varieties of CNTs are
very close, within one standard deviation of each other.

4.3 Molecular dynamics simulation of inner tube oscillation

From the free vibration test, a higher loss factor was obtained
for nanocomposites with straight CNTs. The difference in the
microstructure between the two types of nanocomposites was
characterized by TEM. At a particular CNT content, the only
difference between the two types of nanocomposites is in the
structure and morphology of CNTs. Inner tube oscilla-
tion'”'#3%3 is favoured by the structure of SMWCNTs. This is
due to the uniform cross section over the entire length of this
type of CNT (Fig. 4(a)), whereas the kinks and bends in the cross
section of coiled CNTs (Fig. 4(b)) hinder the inner tube oscil-
lation. The SMWCNTs are observed to have more number of
inner tubes compared to the cMWCNTSs, as visible from the
TEM images shown in Fig. 4 (inner tubes are marked using
white arrows). Also, the input stress in the free vibration test is
around 100 times higher than the shear resistant to inner tube
oscillation, which is 0.06 MPa (ref. 14) to 0.08 MPa.***

The inner tube was set to oscillation when the outer tube
was displaced towards the inner tube by a few angstroms

This journal is © The Royal Society of Chemistry 2020

which depends on the axial inner tube distance, S;. In the real
case, this displacement was assumed to have resulted from
the impact force during the free vibration test. At the epoxy-
CNT interface, the synergistic effect of van der Waals forces,
mechanical interlocking, thermal mismatch and Poisson's
contraction results in high interfacial strength.** The re-
ported values of interfacial strength are in the range of 70 to
100 MPa.**3® Hence, the outer tube is coupled to the epoxy
matrix through a continuous interface between the matrix
and CNTs. The brightfield TEM images of single CNTs of both
SMWCNTs and cMWCNTs dispersed in the epoxy matrix are
shown in Fig. 5(a) and (b) respectively. High resolution
images show the continuous interlocked epoxy-CNT inter-
face. This indicates that, under the application of an external
load, the response of the outer tube is coupled with the epoxy

Fig. 4 Bright field high resolution TEM images of sSMWCNTs (a) and
cMWCNTSs (b). Four inner tubes are clearly visible (marked with white
arrows) for the SMWCNTSs. These tubes are straight over the entire
length. The number of inner tubes visible for each of the cMWCNTSs is
one or two (marked with white arrows in (b)). They are bend and the
cross section is not uniform along the length. The kinks and bends of
cMWCNTs are marked with black arrows.

Nanoscale Adv., 2020, 2, 1228-1235 | 1231
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Fig. 5 High resolution bright field TEM images of nanocomposites
reinforced with straight MWCNTs (a) and coiled MWCNTSs (b) respec-
tively. An individual CNT is spotted in both the cases to observe the
interface. A continuous interlocked interface is observed in both
nanocomposites.

matrix. However, the inner tubes show a delayed response
because of their inertia. This disturbs the stability of the
atomic configuration. As a result, the inner tubes oscillate.

One cycle of such oscillation of the inner tube is shown in
Fig. 6. The time period of oscillation is observed to be 8 fs. The
potential energy of the inner tube for a time interval of 0.8 ns is
shown in Fig. 7.

4.3.1 Driving force for the inner tube oscillation. The inner
tube oscillation is triggered when the naturally existing

Fig. 6 One cycle of oscillation of the inner tube.

1232 | Nanoscale Adv, 2020, 2, 1228-1235

View Article Online

Paper

-56200 -

-56300 - \

-56400 -

-56500 -

-56600 -

Potential Energy (kcal/mol)

-56700 -

0.0 02 04 06 08
Time (ns)

Fig. 7 Variation of the potential energy of the inner tube for various
axial inner tube distances, 5, = 2.5, 5, 7.5 and 10 A.

configuration of MWCNTSs is disturbed. The adjacent tubes try
to minimize the potential energy, which acts as the driving force
for the oscillation. In Fig. 8, the variation of potential energy
with time for the DWCNT having S; = 10 A is shown. In this
case, the oscillation starts at ¢ = 0 ns, which is marked as point
A. This is a higher energy state, away from the equilibrium
position. This state is achieved by displacing the outer tube
towards the inner tube. The position of the carbon atoms at this
point is shown in the inset figure A of Fig. 8. The time and
potential energy at this point are also given below the respective
inset figure.

In this, the atoms in the red colour are of the outer tube and
in the blue colour are of the inner tube. The atoms in pale red
and pale blue are of the outer and inner tubes but at the dia-
metrically opposite end. The inner tube oscillation starts from
point A and stops at point E. Three random points were shown
in between the starting and ending of the inner tube oscillation.
At point B, the atoms of the inner tube are exactly below the
atoms of the outer tube, resulting in higher potential energy.
Hence, the oscillation continues to minimize the energy. The
potential energy at point C is lower than that at point E.
However, the oscillation continued from point C. This is due to
the momentum of the inner tubes at point C. It is observed that
after 0.363 ns, ie., at point E, there is no considerable axial
displacement for the inner tube. Even though the inner tube
oscillation progressed through many lower energy states, the
oscillation stops only when the momentum of the inner tube
cannot overcome the van der Waals interaction between the
tubes. The inner tube tries to minimize the energy further by
rotation without a significant axial movement. As a result,
a lower energy state, which is marked as point G in Fig. 8, is
reached.

4.4 Dissipated energy
The energy dissipated by inner tubes is estimated using
AE = EFrinal — Emitial 1)

where Egina and Emniia are the potential energies of the inner
tube before and after the oscillation. These are the points cor-
responding to A and E in Fig. 8. Beyond point E, at which

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Variation of potential energy with time during inner tube oscillation of DWCNTs with S, = 10 A. Corresponding atomic configurations at
different times are shown in the inset marked as A to G. The corresponding time and potential energy (PE) are also given. The inner tube

oscillation takes place from t = 0 ns (point A) to t = 0.363 ns (point E).

oscillation stops, the inner tube adjusts its position without any
significant axial movement and occupies a lower energy state or
local minima, i.e., point G in Fig. 8. The energy dissipated for
different S; is shown in Fig. 9. The energy dissipation rate, i.e., E
= AE/At, is also shown in Fig. 9. Here, AE is given by eqn (1) and
At is the time taken for inner tube oscillation, which is the time
interval between points A and E in Fig. 8. It is found that the
energy dissipated and energy dissipation rate increase signifi-
cantly from §; = 2.5 A to S; = 5 A. A small increase is only
observed beyond S = 5 A. Since the energy dissipated is inde-
pendent of the sliding distance it may be concluded that the
contributions from inter-tube frictional energy loss to the
damping is negligible. This study also indicates that the
contributions to the observed damping have their origins in the
interaction energy between atoms that constitute the inner and
outer tubes. The energy dissipation rate decreases slightly for S;
=10 A from that of §; = 7.5 A due to the increased oscillation
time.

The present study explored interface derived damping, a type
of energy dissipation mechanism in which the energy dissipa-
tion occurs due to the sliding of available interfaces.*” In

This journal is © The Royal Society of Chemistry 2020

MWCNTS, there are interfaces within each CNT. These tubes act
individually and hence are free to slide inside each other.
From the loss factor calculated by the free vibration damping
test, it is observed that the SMWCNTSs are a better reinforcement
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Fig. 9 The variation of energy dissipated and the energy dissipation
rate in a DWCNT with different axial inner tube distances, S, obtained
from MD simulations.
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for damping applications than cMWCNTs. From the MD
simulation, significant energy dissipation is observed during
the inner tube oscillation in a DWCNT. A proportional increase
in the dissipated energy can be expected as the number of inner
tubes increases.

5. Conclusions

In this work, epoxy resin reinforced with straight and coiled
MWCNTSs was prepared and subjected to free vibration tests in
order to understand the contributions of the microstructure to
the vibration damping behaviour. It is observed that the nano-
composites with straight MWCNTSs have a higher loss factor
compared to those with coiled MWCNTs in the first and second
modes. The loss factor increases with increasing concentration
of straight CNTs, whereas it levels off with increasing coiled
CNT content. The higher damping observed in the case of
composites with straight MWCNTs is attributed to the inner
tube oscillations. A higher number of inner tubes are observed
in the case of straight MWCNTSs and inner tube oscillation is
favoured in the case of straight MWCNTSs due to the uniform
cross section over the entire length. However, in the case of
coiled MWCNTSs, due to the kinks and bends the free sliding
oscillations of the inner tubes are hindered. Molecular
dynamics (MD) simulations carried out on DWCNTSs are used to
explain the energy dissipation originating from the inner tube
oscillations. The driving force for the oscillation is the mini-
mization of the interaction potential of the inner tubes. The
dissipated energy and the rate of dissipation increased signifi-
cantly when the axial inner tube distance is increased from S =
2.5 A to 5 A. However, the energy dissipation rate decreased
beyond S, = 7.5 A, resulting from the increased time of inner
tube oscillation.
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