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ABSTRACT: This study compares the damping behavior of
boron nitride nanotubes (BNNTs) and carbon nanotubes
(CNTs) as reinforcement in PLC, a biodegradable copolymer.
The damping behavior of PLC composites reinforced with 2 wt
% or 5 wt % nanotube filler is evaluated by nanodynamic
mechanical analysis (NanoDMA). The addition of 2 wt % CNT
leads to the greatest enhancement in damping (tan δ) behavior.
This is attributed to pullout in CNTs because of lower interfacial
shear strength with the polymer matrix and a more effective
sword-in-sheath mechanism as opposed to BNNTs which have
bamboo-like nodes. BNNTs however have a superior distribu-
tion in the PLC polymer matrix enabling higher contents of
BNNT to further enhance the damping behavior. This is in contrast with CNTs which agglomerate at higher concentrations, thus
preventing further improvement at higher concentrations. It is observed that for different compositions, tan δ values show no
significant changes over varying dynamic loads or prolonged cycles. This shows the ability of nanotube mechanisms to function at
varying strain rates and to survive long cycles.
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1.0. INTRODUCTION

Boron nitride nanotubes (BNNTs) and carbon nanotubes
(CNTs) have greatly attracted the scientific community
because of their unique one-dimensional (1D) structure,
physical, chemical, and mechanical properties. Structurally,
BNNTs are similar to their carbon counterparts. They consist
of repeating hexagonal networks of sp2 hybridized B−N bonds
rolled up in a honeycomb lattice1 while CNTs are repeating sp2

hybridized carbon bonds. Both have extraordinary thermal and
mechanical properties such as comparable Young’s moduli of
1.2−1.3 TPa2,3 and comparable thermal conductivities at room
temperature.4 One major difference between these nanotubes is
that BNNTs are chemically stable in air up to ∼1200 K while
CNTs are chemically stable only up to ∼750 K.5 This allows for
a wider processing window for synthesizing BNNT reinforced
composite materials. The relative chemical inertness of BNNTs
at lower temperatures also makes them promising for
reinforcing biomaterials.6,7 As opposed to CNTs which are
metallic, semimetallic, or semiconducting depending upon
chirality,8,9 BNNTs are insulating materials with a band gap of
5−6 eV almost independent of tube diameter and chirality.10

These properties make both types of nanotubes suitable for a
variety of applications such as optoelectronic devices,11

oscillators,12 and reinforcing structural materials.13,14 BNNT
and CNT based 1D structures have been investigated as
reinforcement for developing a variety of composite materials,
coatings, and gels.6,7,13−20

One important mechanical property for structural applica-
tions such as composites is damping behavior since failure in
engineering materials typically occurs from accumulated
damage. Damping is the dissipation of energy within a material
and is of prime importance in dynamic systems such as tracking
and pointing weapon systems in aircraft and suspension and
steering in automotive and turbo-machinery mountings, which
need damping from shock vibrations. Even sports equipment
such as golf clubs and tennis racquets require damping to
absorb shock waves and alleviate stresses. Fatigue and
mechanical loadings are also borne by prosthetics and scaffolds
for biomedical applications. Hence improving damping
characteristics becomes imperative for enhancing their robust-
ness thereby expanding their lifetimes. Given the importance of
damping in biomedical and other applications, here we present
a study comparing nanoscale damping characteristics of PLC, a
biodegradable copolymer of PLA-PCL (Poly-Lactic Acid and
Poly-ε-caprolactone), reinforced with BNNTs and CNTs.
In our previous work PLC was reinforced with 2 wt % and 5

wt % BNNTs6 and 2 wt % and 5 wt % CNTs15 to study the
effect on the mechanical properties and biocompatibility as
scaffold material. Both nanotubes improved the mechanical
properties of the polymer. The PLC-BNNT composite with 5%
BNNT, showed an improvement of 109% and 1370% in tensile
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strength and elastic modulus respectively as compared to the
starting polymer.6 On the other hand, 2 wt % CNT addition to
the virgin PLC enhanced its tensile strength and elastic
modulus by 160% and 100% respectively.15 There was no
negative effect on biocompatibility of PLC upon BNNT and
CNT addition.6,15 Here we compare the damping character-
istics of our previously synthesized PLC-BNNT and PLC−
CNT composites. The damping behavior (tan δ) is
characterized through nanodynamical mechanical testing
using varying dynamic loads, frequencies, and cycle times. A
comparison of the damping behavior of CNT and BNNT is
made based on their morphology and dispersion in the PLC
matrix.

2.0. MATERIALS AND METHODS
2.1. Materials. The starting copolymer of L-lactide and ε-

caproactone (PLC) in 70:30 molar ratio was received from Purac
Biomaterials, Lincoln, Illinois. The PLC films were prepared by mixing
1 g of PLC with 20 mL of acetone. The mixture was stirred at 40 °C in
a 55 mm beaker using a magnetic stirrer for 20 min. The PLC solution
was then cured for 24 h at room temperature in vacuum. The multiwall
CNTs and BNNTs were purchased from Nanoamor, Houston, TX.
The CNTs had an outer diameter of 40−70 nm and a length of 1−5
μm.15 The BNNTs had an outer diameter of 32−145 nm and a length
of 15−84 μm. Both nanotubes had a purity level of 99%. X-ray
diffraction (XRD) analysis in our previous work6 verified that there
were no major impurities in the starting BNNT powder. To prepare
the composites, either BNNT or CNT were dispersed in 20 mL of
acetone and ultrasonicated for 60 min. The BNNT or CNT mixture
was then mixed with the 20 mL PLC-acetone solution and
ultrasonicated for another 15 min. The solution was then cured at
the same conditions as the pure PLC. The compositions of the films
made were pure PLC, PLC-2 wt % BNNT, PLC-5 wt % BNNT, PLC-
2 wt % CNT, and PLC-5 wt % CNT. The composites are henceforth
referred to as PLC-2BNNT, PLC-5BNNT, PLC-2CNT, and PLC-
5CNT. Further details of PLC-BNNT and PLC-CNT composite
preparation can be found in our previous studies.6,15 The composition
of 2 and 5 wt % were selected based on literature in the field of
nanotube reinforced composites. It has been observed that severe
agglomeration of nanotubes occurs at composition greater than 5 wt %
whereas excellent dispersion and properties are obtained up to 2 wt
%.20 Hence, 2 wt % (excellent dispersion regime) and 5 wt %
(intermediate dispersion regime) were selected to synthesize PLC-
nanotube composites.
2.2. Microstructural Characterization. The PLC and PLC-

nanotube composites film densities were calculated through geometric
measurements. A Philips transmission electron microscope (TEM,
model CM 200, Eindhoven, The Netherlands) was used to
characterize the starting BNNTs and CNTs. A JEOL JSM-6330F
field emission scanning electron microscope (SEM) was used to
characterize starting BNNT and CNT powders and the PLC based
composite films. The starting powders were characterized using a 15
kV accelerating voltage whereas composite films were characterized
using a lower accelerating voltage of 5 kV to avoid damage to the
polymer matrix.
2.3. Nanodynamic Mechanical Analysis (NanoDMA). Nano-

dynamic mechanical analysis (NanoDMA) was performed to
characterize the nanoscale damping behavior of the PLC-BNNT and
PLC−CNT composites. Hysitron Triboindenter TI900 (Hysitron Inc.,
Minneapolis, MN, U.S.A.) with a 1 μm conospherical tip was used to
perform the NanoDMA tests. The tip-area calibration was done using
a standard fused quartz substrate of known modulus (69.6 GPa).
NanoDMA experiments consist of a quasistatic loading and a low
frequency (<200 Hz) dynamic loading. The damping behavior of
viscoelastic materials is characterized by measuring the phase lag δ
between the applied forced and the displacement response. This lag is
the result of time needed for relaxations in the structure of viscoelastic
materials to occur. A perfectly elastic material would have a phase lag

of zero. The angle δ allows characterizing the moduli of a material as a
complex modulus (E*), defined in eq 1.

σ
ε

δ δ* = +E i(cos sin )
(1)

The moduli measured can thus be separated into two distinct
moduli, the real part (E′) and an imaginary part (E″) as shown in eqs
1−2.

σ
ε

δ′ =E (cos )
(2)

σ
ε

δ″ =E (sin )
(3)

The real part is the storage modulus (E′), which represents the
ability of the material to store potential energy and release it during
deformation. The imaginary part is the loss modulus (E″) which
represents the viscoelastic component responsible for the dissipated
energy. Damping behavior is commonly quantified by the ratio of the
loss modulus to the storage modulus which yields tan δ as shown in eq
4.
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Higher values of tan δ indicate a higher ratio of viscoelastic to elastic
response in the material and, thus tan δ serves as a measure of
damping.

In this study, tan δ is evaluated at varying frequencies, varying
dynamic loads, and for extended cycles. Figure 1 schematically shows
the different types of tests done. Figure 1a shows a frequency sweep
load function. During a frequency sweep, the static load and dynamic
loadings are held constant, however the frequency increases after each
test. In our tests 30 different frequencies in the range 10 to 200 Hz
were used. At each frequency, 100 cycles were performed giving a total
of 3000 cycles during one frequency sweep. For each sample,
frequency sweeps were done at varying dynamic loads. Figure 1b

Figure 1. (a) Frequency sweep load function, and (b) varying dynamic
load functions.
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shows how the loading cycles change as the dynamic load increases. It
can be seen that an increase in dynamic load results in higher strain
rates and hence more severe loading conditions. The dynamic loads
were varied from 5% to 15% of the static load. The static load was 10
μN, so for the 5% dynamic load an oscillating load of 0.5 μN was
superimposed. For the 15% dynamic load, a 1.5 μN dynamic load
would be applied instead. The last sets of tests were done at 5%
dynamic loading at a frequency of 100 Hz, but for a large number
(10000, 25000, and 50000) of cycles. These tests enable the evaluation
of damping stability at large number of cycles. Constant tan δ values at
large number cycles of would indicate damping properties are intact
and material is not yet experiencing accumulated damage due to
fatigue.

3.0. RESULTS
3.1. Morphology of the Nanotube and PLC-Nanotube

Composites. The structure of the CNTs and BNNTs used as
reinforcement is shown in the TEM micrographs in Figure 2.

Figure 2a shows the nodes in BNNT that give it a “Bamboo-
like” structure, which is formed usually as a result of catalytic
growth mechanism.21 This is in sharp contrast to the
continuous and wavy tubular structure of the CNT shown in
Figure 2b. BNNT used in this study has a significantly larger
diameter (32−145 nm) as compared to CNT. The densities of
PLC, PLC-2CNT, PLC-5CNT, PLC-2BNNT, and PLC-
5BNNT are 0.71, 0.90, 0.69, 1.15, and 1.33 g/cm3

respectively.6,15 The discrepancy in densities of PLC-2CNT
and PLC-5CNT is a direct consequence of nanotube dispersion
in the polymer. CNTs in PLC-2CNT disperse uniformly and

conform better to the PLC, leading to higher density. The high
content of CNTs in PLC-5CNT induces regions with severe
agglomeration and nonuniform nanotube dispersion resulting
in higher porosity, which will be discussed later in Figure 6.

3.2. Tan δ Comparison. Figure 3 shows tan δ values at
varying frequencies and at different dynamic loads (5% and

15%). It can be seen in Figure 3a that tan δ is substantially
higher (0.4−0.62) for the PLC-2CNT sample at all frequencies.
Figure 3b shows that the same result is also observed at the
higher dynamic loading of 15%. PLC-5CNT displays a bimodal
distribution and is denoted as PLC-5CNT_H for the higher
range (0.3−0.51) and PLC-5CNT_L for the lower range
(0.24−0.41). Tan δ values decrease as PLC-2CNT, PLC-
5BNNT, PLC-5CNT_H, PLC-2BNNT, PLC, and PLC-
5CNT_L, in that order, as represented in Figure 4. It is
observed that tan δ variation for all the samples is within the
range of 0.2−0.65 for both 5% and 15% dynamic loads. The tan
δ value increases with the increasing frequency for both varying
frequencies and varying dynamic loadings. The damping
capacity is retained in 5−15% range of dynamic loading.
The effectiveness of the CNT and BNNT reinforcement on

stability of tan δ (damping) is also evaluated at a large number
cycles at a constant frequency of 100 Hz. It can be seen from
Figure 5 that the damping behavior of all the samples remains
fairly constant even when the number of cycles is increased
from 10000 to 50000. This indicates that the reinforcing effect
and damping mechanisms of both CNTs and BNNTs are not
degraded during extended cycle times of up to 50000 cycles.
The ability of CNTs and BNNTs to keep dissipating energy in
the PLC composite is critical for being an effective damping

Figure 2. TEM images of (a) starting BNNTs and (b) CNTs. BNNTs
exhibit the presence of “bamboo-like” nodes whereas CNTs are
tubular with waviness.

Figure 3. Tan δ variation for different PLC-CNT and PLC-BNNT
composites at (a) 5% and (b) 15% dynamic load.
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material subjected to dynamic loading for large numbers of
cycles.

4.0. DISCUSSION
The tan δ results in Figure 3 show that the energy dissipation is
most pronounced in PLC-2CNT, followed by other composites
with decreasing tan δ as shown in Figure 4. Since both CNTs
and BNNTs are tubular structures, energy dissipation can occur
via deformation in axial and radial directions. Previous works
have reported that BNNTs are radially less rigid than CNTs
despite having comparable axial rigidity.22,23 However, the
reported diameters of the nanotubes used in these studies were
much lower (1−4 nm) than the nanotubes used in this work.
The average diameter of BNNTs used in this work is 71 nm,
ranging between 32 and 145 nm. Chiu et al.24 showed that
nanotube morphology plays a key role in determining the radial
rigidity of BNNTs. The radial modulus decreases nonlinearly
with external radius until it reaches the value of transverse E for
hexagonal-boron nitride (h-BN). And thus, the robustness of
BNNTs reported in this work, in contrast to previous
works22,23 can be ascribed to their wider diameter. Another
reason for stiffer BNNTs can be lack of “sword-in-sheath”
mechanism. Sword-in-sheath, also known as telescopic sliding

and “stick−slip” also known as pullout, are two well-known
mechanisms for energy dissipation within nanotube compo-
sites. As validated from the TEM picture (Figure 2a) of the
BNNTs used for this study, the presence of “bamboo-like”
knots makes the sword-in-sheath motion in BNNTs more
difficult as compared to CNTs. As a result of this constricted
sliding movement, BNNTs dissipate less energy.
Energy dissipation can also occur via axial deformation of

nanotubes in the form of stretching or pullout from the matrix.
To compare pullout behavior of BNNT and CNT from the
polymer matrix, we have used the interfacial shear strength
model proposed by Chen et al.25 for CNT reinforcement. Since
BNNT is a structural analogue of CNT, the model can also be
extended to BNNTs as shown by Lahiri et al.7 for BNNT-
hydroxyapatite composite.7 The effective area of outer layers
(Aeff) carrying the load in a multiwall nanotube is calculated as
follows

∑π= − − − − ′

− − − − ′
=

A R m h m h

R mh m h

{[ ( 1) ( 1) ]

[ ( 1) ] }

m

N

eff
1

NT
2

NT
2

(5)

where, RNT refers to the outer radius of the respective nanotube
(the average outer radius for BNNT is ∼35.5 nm and ∼25 nm
for CNT), h is the effective layer thickness (∼0.25 nm for
BNNT26 and ∼0.075 nm for CNT [ 27]) h′ = h − d where d is
the spacing between each graphene/h-BN layer (∼0.34 nm for
CNT27 and ∼0.33 nm for BNNT28) and N is the number of
outer layers carrying the load. For a conservative estimate, it is
assumed that load is borne by the outer 5 walls for both the
nanotubes. To calculate the interfacial shear strength (ζ)
between the nanotubes and a polymer matrix, the Cox model is
used.
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R is the radius of the polymer matrix cylinder, e is the applied
strain, L is the average length of the nanotube (∼1.98 μm for
BNNT and ∼2 μm for CNT), x is the distance from the end of
the nanotube. GPolymer′ is the shear modulus of the polymer in
which the nanotubes are embedded, and ENT is the elastic
modulus of the respective nanotube (∼750 GPa for BNNT29,
∼ 800 GPa for CNT30). R/RNT is estimated using the following
equation:

π=
⎛
⎝⎜

⎞
⎠⎟

R
R V4NT

2

f (8)

Vf is the volume fraction of the respective nanotube in the
polymer matrix. We have calculated shear stress values for 2 wt
% compositions for both the nanotubes (∼ 0.0124 for BNNT
and ∼0.0158 for CNT). Table 1 lists the ratio of shear stress
calculated for BNNT and CNT for ethylene based and poly
lactide polymer matrixes. The shear stress ratio for PLC could
not be computed because the shear modulus value for PCL is
not available in the literature.

Figure 4. Tan δ of PLC-CNT and PLC-BNNT composites arranged
in the increasing order. The values in parentheses are the tan δ values
for 15% dynamic load.

Figure 5. Tan δ comparison for different PLC-CNT and PLC-BNNT
composites at 10000, 25000, and 50000 cycles for a frequency of 100
Hz.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4038678 | ACS Appl. Mater. Interfaces 2013, 5, 12052−1205712055



It can be seen that ζBNNT/ζCNT > 1, implying that the force
required to pullout BNNT from the polymer matrix is much
higher than that required for CNT, making pullout easier in
CNTs as compared to BNNTs. This facile pullout along with
easier sword-in-sheath makes CNTs more prone to deforma-
tion, leading to more energy dissipation in CNTs and therefore,
resulting in a higher tan δ and damping.
It was seen in Figures 3 and 4 that PLC-5CNT had a

bimodal distribution of tan δ values. The different sets of values
of tan δ result from “good” and “bad” regions in the composite.
Good regions are where CNTs are well dispersed in the
polymer while bad regions are where CNTs tend to
agglomerate. The varying microstructures of these regions are
shown in Figure 6. As can be seen from the Figure 6c, CNTs

are not well-dispersed and tend to agglomerate when present in
larger amounts (5 wt %). On the other hand it can be seen
from Figure 6d that BNNTs in the 5 wt % composite tend to
conform to the polymer matrix much better owing to the
formation of “bridge-like” structures between the PLC and
BNNTs. Better dispersion of BNNTs in the polymer can be
ascribed to the electric polarization induced in BNNTs along
the axis as a result of broken 3-fold symmetry.33 This electric
polarization helps the BNNT adhere to the polymer better,
preventing agglomeration and resulting in better dispersion and
hence in better damping with increasing concentration.
It is also seen in Figure 5 that tan δ values for the composites

along with that of PLC show almost imperceptible changes
over cycles in the range of 10000−50000. This shows that
nanotube mechanisms leading to damping can sustain for

prolonged cycles. One of the major damage mechanisms during
cyclic loading is the formation of microcracks that propagate
along the process and become unstable after exceeding a critical
threshold. This culminates in fast fracture and the failure of the
composite. Grimmer et al.34 proposed that CNTs hinder the
formation of large cracks by nucleating nanoscale damage
zones. The addition of CNTs decreases the scale of damage
mechanisms; thereby increasing the absorption of strain energy.
Zhang et al.35 demonstrated that CNTs suppress failure
through crack-bridging and frictional pullout. These mecha-
nisms enhance the long-term behavior of composites under
cyclic loading, which is evident from our tan δ results. And
since damping is the measure of energy dissipation, the addition
of CNTs will prevent failure through energy release in the form
of crack-bridging and pullout, thereby improving the damping
characteristics.

5.0. CONCLUSIONS
The damping behavior of CNT and BNNT reinforced PLC was
investigated by nanodynamic mechanical analysis to evaluate
which nanotube filler leads to superior damping enhancement.
Among all the compositions, 2 wt % CNTs showed the highest
enhancement in damping behavior. The superior damping with
CNT reinforcement as compared to BNNT reinforcement is
attributed to “sword-in-sheath” and “lower interfacial shear
strength” phenomenon of CNT. The effectiveness of “sword-
in-sheath” mechanism is compromised in BNNTs because of
their discontinuous bamboo-like structure. Cox model
estimations show that CNTs have lower shear strength in the
polymer matrix, leading to easier pullout and higher energy
dissipation. CNTs show poorer damping behavior with
increasing concentration (5 wt %) because of agglomeration.
In contrast, BNNTs show superior damping when present in
larger (5 wt %) amounts. This is a result of the better
dispersion of BNNTs in the PLC matrix. It is expected that
increase in CNT content would also lead to improvement in
damping behavior if the CNTs could be more effectively
dispersed in the PLC matrix. The damping behavior (tan δ) is
not affected up to 50000 loading cycles indicating energy
dissipation mechanisms are effective and do not die down due
to fatigue.
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