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Strong viscous behavior has been discovered in nanotube mats, as observed in boron nitride nanotube
(BNNT) mats under low-amplitude dynamic flexure. The solid part of the mat (BNNTs) exhibits strong
viscous character (loss tangent up to 13), strong elastic character (storage modulus up to 2.3 GPa), and
strong mechanical energy dissipation ability (loss modulus up to 7.3 GPa), indicating exceptional vi-
bration damping ability. The loss tangent of the solid part of the mat decreases with increasing solid

content, while the storage and loss moduli of the solid part increases, due to the increasing difficulty for
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frictional sliding among the BNNTSs.
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1. Introduction

Nanotubes are commonly used in the form of mats or yarns. A
mat or yarn consists of a number of nanotubes that are weakly held
together by van der Waals forces. There is no matrix material, so
that a mat or yarn includes a substantial proportion of air voids.
However, a small amount of binder may be present to hold the
nanotubes together at their junctions.

A yarn is a filament in which the nanotubes have preferred
orientation along the filament axis. A mat is a sheet in which the
nanotubes most commonly have preferred orientation in the plane
of the sheet. However, it is also possible for a mat to exhibit
preferred orientation of the nanotubes in the direction perpen-
dicular to the plane of the sheet, as in the case of vertically aligned
nanotube arrays.

Due to the weak linkage between the nanotubes in a mat or
yarn, the strength and elastic modulus of a mat [1] or yarn [2,3] are
much lower than those of a single nanotube, as shown for the case
of carbon nanotubes. The weak inter-nanotube linkage suggests
ease of sliding between adjacent nanotubes in a mat or yarn [1]. The
sliding in turn suggests the presence of viscous character. Indeed, a
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minor degree of viscous character is suggested by a low degree of
stress relaxation observed in carbon nanotube mats, though the
viscoelastic properties have not been determined from the stress
relaxation results [1].

Viscous behavior is necessary for vibration damping and me-
chanical isolation. Damping refers to the reduction of the vibration
amplitude by the conversion of the mechanical energy to another
form of energy, typically thermal energy. This energy conversion is
known as mechanical energy dissipation. Mechanical isolation re-
fers to the avoiding of the propagation of mechanical energy from
one object to another, typically achieved through the spreading of
the mechanical energy along an isolation material positioned be-
tween the two objects. Mechanical vibrations can affect the per-
formance, durability and safety of structures, whether they occur
during normal structural operation or extreme events (such as
earthquakes).

Rubber and other elastomers are highly effective for mechanical
isolation, due to their resiliency and consequent cushioning effect.
However, they are not effective for damping, due to their softness.
Furthermore, rubber suffers from their tendency to degrade and
lose its elastomeric character in the environment, particularly upon
exposure to ultra-violet radiation. In addition, rubber is poor in the
ability to withstand elevated temperatures or chemically harsh
environments.

For effective vibration damping, materials that are both stiff and
capable of mechanical energy loss are needed. In other words,
strong viscous character and strong elastic character are both
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needed. A collection of nanotubes, whether the collection is in the
form of a mat or a yarn, may possibly be attractive in this regard.
This is because the stiffness is expected to stem from the inherently
high elastic modulus of the nanotubes and the mechanical energy
loss ability is expected to stem from the movement between the
nanotubes in the mat or yarn. This possibility provides a motivation
for this work, which is mainly aimed at studying the viscoelastic
behavior of nanotube mats.

The ease of movement between the nanotubes in a mat or yarn
is expected to be related to how much the adjacent nanotubes are
squeezed (compacted) together. The greater is the squeezing, the
closer are the nanotubes to one another, and the less easy is ex-
pected of the movement. This notion is supported by the obser-
vation that the stress relaxation in carbon nanotube mats decreases
with increasing strain under compression [1]. However, the visco-
elastic properties and their dependence on the strain have not been
obtained from the stress relaxation results [1]. Therefore, this work
is also aimed at studying the effect of the extent of squeezing or
compaction on the viscoelastic properties.

The viscoelastic character of polymer-matrix composites con-
taining yarns has been reported [3—5]. The viscoelastic behavior of
such a composite tends to be dominated by that of the polymer
matrix. Furthermore, the presence of the matrix hinders the sliding
between the adjacent nanotubes in the composite. Therefore, this
paper addresses the viscoelastic behavior of a collection of nano-
tubes in the absence of a matrix material.

Prior work on nanotube mats emphasizes non-structural prop-
erties and non-structural applications. For example, prior work,
which is on carbon nanotube mats only, has addressed the elec-
trical conduction behavior [6,7], field emission behavior [8], elec-
trochemical behavior [9—12], optical behavior [7,13], magnetic
behavior [14,15], thermal behavior [16,17], chemical sensors [18,19],
fluid flow sensors [20], transistors [21,22] and interconnects [23].

The approach used in this work involves dynamic mechanical
testing at a controlled frequency [24]. In this forced resonance
method, a sinusoidal stress wave with specified values of the static
stress and the dynamic stress is imposed on the specimen by using
a load cell, and the resulting strain wave (along with the associated
static strain and deformation amplitude) is measured by using a
displacement transducer. The phase difference ¢ between the input
stress wave and the output strain wave is measured, thereby giving
the loss tangent (tan 6), which describes the degree of viscous
character. The ratio of the dynamic stress to the dynamic strain
gives the storage modulus, which describes the elastic character
and corresponds to the real part of the complex modulus. The
imaginary part of the complex modulus is the loss modulus.

This paper uses boron nitride nanotubes (BNNTs) to study the
viscoelastic properties of nanotube mats. The BNNT is a structural
analogue of the carbon nanotube (CNT), with the carbon atoms in
the CNT fully substituted by boron and nitrogen atoms in the BNNT.
However, in contrast to the CNT, the BNNT is electrically insulating.
Moreover, the BNNT exhibits superior chemical stability. The gen-
eral notions in the findings of this work regarding BNNT mats are
relevant to the mats of other materials, such as CNTs. Furthermore,
the general notions in the findings of this work on mats are relevant
to yarns, since both mats and yarns involve multiple nanotubes that
are in close proximity to one another.

The BNNTs have received considerable recent attention due to
their high thermal conductivity, low dielectric constant and high
modulus of elasticity [25,26]. Carbon nanotubes (CNTs) exhibit
even higher thermal conductivity and modulus of elasticity. The
main difference between BNNTs and CNTs is that BNNTs are elec-
trically nonconductive, whereas CNTs are electrically conductive.
The combination of low electrical conductivity and high thermal
conductivity is not common among materials; diamond is the

primary example of a material that exhibits this combination of
properties. This combination of properties is valuable for heat
dissipation from microelectronic packages, which commonly suffer
from overheating. For example, printed circuit boards are prefer-
ably made of materials that are electrically nonconductive, such as
glass fiber polymer-matrix composites, and the enhancement of the
thermal conductivity without increasing the electrical conductivity
is desirable.

The objectives of this paper are (i) to study the viscoelastic
behavior of nanotube mats, as represented by BNNT mats, (ii) to
determine the viscoelastic properties (loss tangent, loss modulus
and storage modulus) of a collection of multiple nanotubes in the
absence of a binder for the first time, and (iii) to investigate the
effect of the extent of proximity between adjacent nanotubes on
the viscoelastic behavior of a nanotube mat.

2. Experimental methods

A specimen used in this work is a nanotube mat obtained by the
unidirectional compaction of a collection of BNNTs with a very low
bulk density in the absence of a binder. The resulting mat is in the
plane perpendicular to the direction of pressure application. Due to
the large degree of consolidation (i.e., the large decrease in the bulk
volume) during compaction, the mat exhibits preferred orientation
of the nanotubes in the plane of the mat. For testing under flexure
(three-point bending), the specimen is in the shape of a beam with
the mechanically neutral plane of the beam in the middle plane
perpendicular to the compaction direction.

Based on the measured density of the mat, the solid volume
fraction is determined. The solid volume fraction is systematically
varied by varying the pressure used in compacting the collection of
nanotubes. The higher is the fabrication pressure, the greater is the
solid volume fraction. The viscoelastic properties of the solid part of
the mat (i.e., the mat with the air contribution excluded) are ob-
tained from the measured viscoelastic properties of the mat by
dividing the measured mat property by the solid volume fraction of
the mat. This approach is based on the notion that air contributes
negligibly to both the elastic and viscous properties. The quantities
divided by the solid volume fraction can be considered as the
normalized quantities that are independent of the solid volume
fraction unless the corresponding property of the solid part
changes with the solid volume fraction.

2.1. Materials

The BNNT material is provided by BNNT, LLC (Newport News,
VA). The tubes are synthesized using the high temperature/high
pressure (HTP) method, also called the pressurized vapor/
condenser (PVC) method. This method produces highly flexible,
high aspect ratio BNNTs with high crystallinity. According to the
manufacturer, the number of walls in a nanotube typically ranges
from 1 to 5, with 2 and 3 being the most common; the tube length
is up to 200 pum; the specific surface area is up to 300 m?/g; there
are up to 5 BNNTs across each BNNT bundle; the purity is up to
40—50 wt.%, with the impurities in the form of hexagonal BN flakes
and elemental boron microdroplets. The as-grown material has a
cotton-like appearance, with an unusually low tapped (bulk) den-
sity of about 0.25 mg/cm?. The true density is 1.38 + 0.12 g/cm’,
though this value is likely an underestimate due to the method of
density determination [27]. The energy band gap is 5.7 eV, ac-
cording to the manufacturer.

The BNNTs are compressed in a cylindrical steel mold (30 mm
inner diameter, with a matched steel piston) at pressures ranging
from 0.47 to 22.97 MPa. No binder is used. Scanning electron mi-
croscope (SEM) images of the BNNT impacts (as viewed from the
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top of the mat) are shown in Fig. 1 for the lowest and highest
pressures.

The BNNTs show preferred orientation in the plane of the mat,
such that the degree of preferred orientation is greater for the
higher pressure. This is supported by Fig. 1, which shows that the
BNNTs are preferentially in the plane of the photo. Due to the sheet
geometry, the unidirectional compaction method of formation of
the mat and the high degree of consolidation (volume decrease)
during mat fabrication, the presence of preferred orientation is
expected. In fact, preferred orientation of fibers or nanotubes in the
plane of a fibrous mat is well-known for mats that are made by
using either unidirectional compaction [28] or the dispersion-
based papermaking method [29]. Both Ref. 28 and 29 pertain to
CNTs and clearly show preferred orientation of the CNTs in the
plane of the mat (i.e., the plane of the SEM photos).

Fig. 1 shows that the particulate matter is present here and there
on the surface of the BNNTSs, such that it is not continuous. In spite of
the particulate matter, the structure is vastly dominated by the
nanotubes. The flexural properties of a mat are governed by the
continuous constituent in the mat, namely the BNNT network.
However, the discontinuous particulate matter may interfere with
the movement of the nanotubes relative to one another. In spite of
the possible interference, the movement is easy enough to enable
strong viscous behavior that has been observed in the mat (Sec. 3.1).
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Fig. 1. SEM photographs of BNNT compacts obtained at different fabrication pressures.
Each compact is viewed from the top of the mat. (a) The lowest pressure of 0.47 MPa.
(b) The highest pressure of 22.97 MPa.

As expected, the BNNTSs are more tightly packed for the compact
obtained at the higher pressure. After compaction, the resulting
disc is cut manually using scissors along three parallel lines at and
near to a diameter to obtain two beams that are symmetrically on
the two sides of the diameter. The higher is the compaction pres-
sure, the greater are both the density (ranging from 0.11 to 0.51 g/
cm?) and the solid content (ranging from 8 to 37 vol.%) of the mat.
The density is determined by measurement of the mass and volume
of each beam. The solid content (vol.%) is obtained by dividing the
measured density of the mat by the true density of the BNNT. The
dimensions, density and solid content of the beams obtained at
various compaction pressures are listed in Table 1. Due to the large
amount of consolidation during compaction, the BNNTs have
preferred orientation in the plane of the beam. However, the ori-
entations of the BNNTs are random in the plane of the beam.

2.2. Testing methods

2.2.1. Dynamic mechanical testing

The method of dynamic mechanical testing is the same as in
prior work involving exfoliated graphite compacts [30]. The spec-
imen configuration for dynamic mechanical testing under flexure
(three-point bending) is illustrated in Fig. 2. The specimen is a
beam, with a span of 20 mm. The measurement time is 5 min for
each specimen. At least two specimens of each density are tested
and each specimen is tested twice.

Dynamic testing (ASTM D 4065-94) using a sinusoidal stress
wave at a controlled low frequency of 0.2 Hz is conducted at room
temperature using a dynamic mechanical analyzer (DMA?7, Perkin
Elmer Corp., Shelton, CT). This low frequency is far away from any
vibration resonance frequency of the specimen. In addition, low
frequencies are relevant to large structures and there is consider-
able previously reported comparative data on various materials at

Table 1
The dimensions, density and solid content of BNNT mats obtained by compaction of.
BNNTs at various pressures.

Pressure  Length ~ Width  Thickness  Density Solid content
(MPa) (mm) (mm) (mm) (g/cm?) (vol.%)

0.47 26.29 7.88 0.706 0.111 + 0.001 8.04 + 0.67
0.94 26.38 7.89 0.539 0.145 + 0.001 10.49 + 0.87
1.40 26.49 791 0.455 0.170 + 0.001 12.34 + 1.03
2.32 26.54 7.96 0.385 0.200 + 0.001 14.46 + 1.21
4.71 26.58 7.99 0.275 0.278 + 0.001 20.14 +1.71
9.38 26.63 8.01 0.207 0.368 + 0.002 26.64 + 2.29
13.70 26.77 8.01 0.190 0.390 + 0.003 2827 + 244
18.58 26.85 8.02 0.157 0.480 + 0.004 34.79 + 3.04
22.97 27.01 8.06 0.145 0.514 + 0.004  37.26 + 3.27

F F
2 2

Fig. 2. Specimen configuration for dynamic mechanical testing under flexure. The
dashed parallel lines show the preferred orientation of the nanotubes.
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Fig. 3. Schematic illustration of the variation of the stress with time during dynamic
mechanical testing under flexure. The static and dynamic stresses are o5 and a4
respectively.

this frequency [30—36]. Furthermore, since the loss tangent de-
creases with increasing frequency, the low frequency enhances the
accuracy of the loss tangent measurement. The variation of stress
with time is illustrated in Fig. 3.

As shown in previous work [30], the dynamic stress o4 ranges
from 1/3 to 2/3 of the corresponding static stress o (Fig. 3). The
deformation amplitude is kept below 10 um in order to avoid the
presence of multiple vibration modes. The flexural strain is calcu-
lated from the midspan deflection, span and specimen dimensions;
the flexural stress is calculated from the load, span and specimen
dimensions. The static stress ranges from 61 to 99 kPa, the dynamic
stress ranges from 30 to 50 kPa, the static strain ranges from 0.031%
to 0.498%, and the dynamic strain ranges from 0.005% to 0.078%.
Overall, the static stress is controlled at a comparable level for all
the specimens tested.

2.2.2. Instrumented indentation testing

Instrumented indentation testing in the form of nano-
indentation testing under load control is conducted using a nano-
indenter (MTS Systems Corporation, Model XP), equipped with a
diamond Berkovich indenter tip that has a triangle-pyramidal
shape and an angle of 77° between the indenter axis and each of
the three side faces of the indenter tip. A high-resolution actuator is
used to force the indenter into a test surface, and a high-resolution
sensor is used to continuously measure the resulting penetration.
The contact area under load can be inferred from the continuous
load—displacement data. Thus, the residual hardness impression
(the residual indent) after unloading does not have to be observed,
in contrast to conventional hardness testing. The direction of
indentation is that of the pressure used in forming the BNNT mat.
The maximum load is 10 mN. The load resolution is 0.05 pN. The
loading rate is 1.0 uN/s. In each loading cycle, the maximum load is
held for 3 s before unloading; the displacement in this period is due
to creep. Testing is performed at three different points on the same
BNNT mat, which has thickness 0.145 + 0.001 mm and 37.26 + 3.27
vol.% solid (i.e., the highest solid volume fraction in Table 1).

The elastic modulus E of the specimen is determined from the
reduced modulus, E,, which is obtained by using the equation>

3 http://www.msm.cam.ac.uk/mechtest/docs/XP%20User's%20Manual.pdf,, p. 29,
as viewed on Jan. 24, 2014.

E = VT
T_zﬁ\/A7

where S (known as the contact stiffness, i.e., the stiffness of the
indenter-specimen contact) is the slope of the initial portion of the
curve of load vs. displacement during unloading, 8 is a constant that
depends only on the geometry of the indenter tip (8 = 1.034 for the
Berkovich tip used) and A is the projected contact area. The spec-
imen modulus E is then obtained using the equation

l_(lfvz) (1—1/,-2)
E_ E | E (2)

(1)

where E; and »; are the elastic modulus and Poisson's ratio of the
indenter tip (E; = 1141 GPa and »; = 0.07 for the diamond indenter
tip used). The v is the Poisson's ratio of the specimen (taken as 0.35,
which is for single-walled BNNT [37]).

3. Results and discussion
3.1. Dynamic mechanical testing

Fig. 4 shows the dynamic flexural properties of BNNT mats at
various solid contents (solid volume fractions). When the overall
mat (including the air) is considered, the loss tangent, storage
modulus and loss modulus all increase with increasing solid con-
tent. This is because the BNNTSs in the mat are responsible for both
the viscous and elastic characters of the mat.

Fig. 4(a) shows that the loss tangent increases from 1.01 to 3.21
with increasing solid content from 8 vol.% to 37 vol.%. This is ex-
pected, since a higher solid content is associated with more inter-
nanotube interfaces. However, the loss tangent divided by the
solid content decreases from 12.6 to 8.6 with increasing solid
content in the same range. The latter quantity is a better description
of the material property than the former quantity, since it reflects
the inherent behavior of the BNNT mat with the air contribution
excluded. The decreasing trend for the loss tangent divided by the
solid content means that the ease of sliding among the nanotubes
decreases with increasing solid content, as expected due to the
increase in the frictional force against the sliding of the BNNTSs
relative to one another as the BNNTs become closer to one another.

The downward trend shown in Fig. 4(a) for the loss tangent
divided by the solid content is the same as that for exfoliated
graphite compacts, for which the sliding is between the graphite
layers in the cell wall of exfoliated graphite [30]. However, the
upward trend shown in Fig. 4(a) for the loss tangent (without
division by the solid content) is opposite to the downward trend
for the same quantity for exfoliated graphite compacts [30]. This
suggests that the ease of sliding between the graphite layers in
exfoliated graphite is more sensitive to the solid content than that
between the BNNTs in a BNNT mat. In other words, the sliding is
hindered by an increase in the solid content more significantly for
exfoliated graphite than BNNT mats. This difference between
BNNT mat and exfoliated graphite is reasonable, since the
graphite layers are separated from each other by just a few Ang-
stroms [30], whereas the BNNTSs in a mat are separated by much
larger distances. This difference in behavior makes technology
implementation less restrictive for BNNT mats than exfoliated
graphite. The highest value of the loss tangent divided by the solid
content is 35 for exfoliated graphite, as observed at the lowest
solid content of 1 vol.% [30], whereas the highest value of this
quantity is only 13 for BNNT mat, as observed at the lowest solid
content of 8 vol.%. However, due to the difference in the severity of
the effect of the solid content, at the same solid content of 8 vol.%,
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Fig. 4. Viscoelastic properties of mats at various BNNT volume fractions (i.e., various solid contents). (a) Loss tangent and loss tangent divided by the solid content. (b) Storage
modulus and storage modulus divided by the solid content. (c) Loss modulus and loss modulus divided by the solid content. The errors for each of the quantities divided by the solid
content are larger than those for the quantities without dividing by the solid content. The relatively large errors for the quantities divided by the solid content are mainly due to the
error in the true density of the BNNTs.

this quantity is 13 for BNNT mat (Fig. 1(a)), but is only 2.0 for graphite at the same solid content means that BNNT mat has a
exfoliated graphite [30]; at the same solid content of 15 vol.%, the greater degree of viscous character than exfoliated graphite at the
quantity is 10 for BNNT mat, but is only 1.0 for exfoliated graphite same solid content. A high degree of viscous character is valuable
[30]. The higher value for BNNT mat compared to exfoliated for vibration damping.
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The loss tangent divided by the solid content describes the de-
gree of viscous character of the BNNT mat with air excluded; the
highest value is 13, which occurs at the lowest solid content. The
loss tangent (without division by the solid content) describes the
degree of viscous character of the BNNT mat with air included; its
highest value is 3.2, which occurs at the highest solid content. The
inclusion of the air lowers the degree of viscous character, as ex-
pected because the viscous character is mainly contributed by the
BNNTs rather than the air.

The value of the loss tangent of rubber (nonporous), as similarly
measured under flexure at the same frequency, is 0.67 [31]. This
means that the BNNT mat with air excluded is much greater in the
degree of viscous character than rubber. In other words, the solid
part of the BNNT mat has a very strong viscous character that ex-
ceeds that of rubber, which is well-known for its viscous character.
The value with air included is also greater than that of rubber. The
value of the loss tangent of PTFE (polytetrafluoroethylene, nonpo-
rous), as similarly measured, is 0.19 [31]. Hence, the BNNT mat with
air included is greater in the degree of viscous character than PTFE.
Hence, even with air included, the degree of viscous character of
the BNNT mat is greater than those of polymers that have relatively
high degrees of viscous character.

Fig. 4(b) shows that the storage modulus of the BNNT mat (with
the air included) increases with increasing solid content. This is
expected, since BNNT is very stiff compared to air. On the other
hand, the storage modulus divided by the solid content also in-
creases with increasing solid content. This means that the stiffness
of the BNNT mat (with the air excluded) also increases with
increasing solid content. This suggests that the increase in prox-
imity between adjacent BNNTs in the mat increases the stiffness of
the BNNT mat (with the air excluded), due to the increasing fric-
tional force against the sliding of the BNNTs relative to one another.
The highest value of the storage modulus divided by the solid
content is 2300 MPa (2.3 GPa), which is much lower than the
flexural elastic modulus of 760 + 30 GPa for an individual BNNT
[37]. This relatively low modulus of the mat is expected, due to the
weak link among the BNNTs in the mat.

The upward trend shown in Fig. 4(b) for the storage modulus
divided by the solid content is in contrast to the essential inde-
pendence of this quantity with the solid content in the case of
exfoliated graphite compacts [30]. On the other hand, the upward
trend shown in Fig. 4(b) for the storage modulus (without division
by the solid content) is the same as that for exfoliated graphite [30].
Since the elastic stiffness relates to the ease of sliding, this means
that the ease of sliding between the graphite layers in an exfoliated
graphite compact is more sensitive to the solid content than that
between the BNNTs in a BNNT mats. The highest value of the
storage modulus divided by the solid content is 2300 MPa for BNNT
mat (Fig. 4(b)), but is only 125 MPa for exfoliated graphite [30]. This
adds to the attraction of BNNT mats for vibration damping. On the
other hand, the value for BNNT mat is lower than the value of
9300 MPa for a cement-matrix composite containing exfoliated
graphite [32].

Fig. 4(c) shows that the loss modulus of the BNNT mat, whether
with the air included or not, increases with increasing solid con-
tent. This trend is the same as that of the storage modulus
(Fig. 4(b)). The loss modulus divided by the solid content increases
with increasing solid content in spite of the decrease of the loss
tangent divided by the solid content with increasing solid content
(Fig. 4(a)). This means that the loss modulus of the solid part of the
BNNT mat is mostly governed by the elastic behavior rather than
the viscous behavior. This is expected, since BNNT is a stiff material.
On the other hand, the trend for the loss modulus of the mat (with
air included) is the same as that for the storage modulus (Fig. 4(b))
as well as that for the loss tangent (Fig. 4(a)). This means that both

the elastic and viscous characters contribute to the loss modulus of
the mat with air included. The highest value of the loss modulus
divided by the solid content is 7300 MPa. This value is comparable
to the value of 7500 MPa for a cement-matrix composite containing
exfoliated graphite [32] and is greater than the value of 700 MPa for
short carbon fiber filled nylon, which achieves this value of the loss
modulus mainly because of its high storage modulus (13 GPa), as its
loss tangent is low (0.05) [38].

The upward trend shown in Fig. 4(c) for the loss modulus
divided by the solid content is in contrast to the downward trend of
this quantity in the case of exfoliated graphite compacts [33]. On
the other hand, the upward trend shown in Fig. 4(c) for the loss
modulus (without division by the solid content) is the same as that
for exfoliated graphite [30]. Since the viscous stiffness relates to the
ease of sliding, this means that the ease of sliding between the
graphite layers in an exfoliated graphite compact is more sensitive
to the solid content than that between the BNNTs in a BNNT mats.
The highest value of the loss modulus divided by the solid content
is 7253 MPa for BNNT mat (Fig. 4(c)), but is only 45 MPa for exfo-
liated graphite [30]. This adds to the attraction of BNNT mats for
vibration damping.

Having high values of both the loss modulus and the loss
tangent is necessary for effective vibration damping, as a high value
of the loss modulus is important for mechanical energy dissipation
while a high value of the loss tangent is important for an appre-
ciable rate of decay of the vibration amplitude. For example, rubber
has a high value of the loss tangent but a low value of the loss
modulus [31], whereas metal-matrix composites have low values of
the loss tangent but high values of the loss modulus [38]. The BNNT
mat is attractive in that it has high values of both loss tangent and
loss modulus. Therefore, the BNNT mat is superior to the carbon
fiber filled nylon [31] and to other high-damping polymer-based
and ceramic-based materials [31] for vibration damping.

3.2. Instrumented indentation testing

In spite of the absence of a binder, the BNNT mats at all solid
contents investigated remain intact upon being handled by hand
and is flexible. Fig. 5 shows the nanoindentation results for the
BNNT mat at the highest solid content shown in Table 1. The
smoothness of the load vs. displacement curve (i.e., the absence of
discontinuities) indicates that the indentation mechanism involves
the sliding of the nanotubes relative to one another rather than the
breaking of the nanotubes. Nanotube fracture would have caused
one or more discontinuities in the curve. The deformation is partly
reversible upon unloading, as shown by Fig. 5. In Fig. 5, the
maximum indentation depth (3400 nm = 3.4 um) corresponds to
an indent lateral size under load of 14 um from the center of the
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Fig. 5. Curve of load vs. displacement obtained during loading and subsequent
unloading in nanoindentation testing of the BNNT mat with (37.26 + 3.27) vol.% solid.
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indent. This large indent depth and the partial reversibility of the
deformation are consistent with the flexibility and viscous char-
acter of the mat.

The modulus, as determined upon unloading at the maximum
load, is found to be 767 MPa for the data in Fig. 5. Based on the data
obtained at three different points on the specimen, the modulus is
848 + 132 MPa. This value, as expected, is much lower than the
transverse modulus of 30 GPa for a single BNNT [37] and
much lower than the longitudinal modulus of 1.2 TPa for a single
BNNT [39]. Nevertheless, the value supports the mechanical
integrity of the BNNT mat.

3.3. Comparison with other materials

Among all the BNNT mats studied, the overall highest values of
the loss tangent (3.2), loss modulus (2.7 GPa) and storage modulus
(0.83 GPa) have been achieved in the mat (overall mat, without
dividing the quantity by the solid content) at the highest solid
content of 37 vol.%. Table 2 shows a comparison of the dynamic
mechanical properties of the BNNT mat with those of previously
reported materials that are among the best for vibration damping
[30,32,40—52]. These materials include carbon-based, metal-based,
polymer-based and cement-based materials. The BNNT mat excels
in the high value of the loss tangent, due to the interface mecha-
nism of energy dissipation [53]. However, it is low in the storage
modulus, though the value is close to that of the short jute fiber
filled polymer blend [44]. Its loss modulus is high, though not the
highest among the materials in Table 2. The loss tangent and loss
modulus of the BNNT mat are higher than those of the interlocked
CNT network (with the interlocking due to the catalyst used in CNT
growth and the solid content being about 26 vol.%, based on the
reported density), though the storage modulus is lower than that of
the interlocked CNT network [40]. All the metal-based materials in
Table 2 give low values of the loss tangent, though the storage
modulus is high [50—52].

The low value of the storage modulus means that the BNNT mat
is not stiff enough to be a high-performance structural material by
itself. On the other hand, it may be sandwiched by stiff sheets to
provide structural damping in the form of constrained-layer
damping. Constrained-layer damping [54] is currently provided
by the sandwiching of a polymer between stiff sheets [55,56]. The

Table 2

highest loss modulus in Table 2 is provided by the unidirectional
carbon fiber nylon-matrix composite with an acrylic sheet inter-
layer [41], due to the effectiveness of the constrained-layer damp-
ing involved. Polymers are used due to their viscoelastic behavior,
but they suffer from a strong dependence of their viscoelastic
behavior on the temperature [57], even at temperatures in the vi-
cinity of room temperature [41,58]. In addition, the polymer
interlayer tends to decrease the modulus of the composite [58]. In
contrast, ceramics such as BNNT, and carbons such as carbon
nanofiber [41] have much less temperature dependence, particu-
larly at temperatures in the vicinity of room temperature, in addi-
tion to having less tendency to decrease the elastic modulus of the
composite [41].

4. Conclusions

The viscoelastic properties of BNNT mats with BNNT content
ranging from 8.0 vol.% to 37 vol.% (fabricated by compaction of
BNNTs with tapped density about 0.25 mg/cm? in the absence of a
binder) have been determined under low-amplitude dynamic
flexure at 0.2 Hz. The BNNT mats exhibit high degrees of viscous
character (high values of the loss tangent up to 12.6 for the solid
part of the mat, compared to only 0.67 for rubber), high degrees of
elastic character (high values of the storage modulus up to 2.3 GPa
for the solid part of the mat), and high mechanical energy dissi-
pation ability (high values of the loss modulus up to 7.3 GPa for the
solid part of the mat). These values mean that the BNNT mats have
exceptionally great ability for vibration damping. It is significant
that the viscous character is even stronger than that of rubber.

The loss tangent of the solid part of the mat decreases with
increasing solid content, while the storage and loss moduli of the
solid part increase with increasing solid content. These trends are
due to the increasing difficulty for frictional sliding among the
BNNTs as the solid content increases (i.e., as the BNNTs get closer to
one another). As a consequence, the degree of viscous character
decreases with increasing solid content, while the degree of elastic
character increases. The sliding between the BNNTs in a BNNT mat
becomes more difficult as the solid content increases, but the ease
of sliding is less sensitive to the solid content than that between the
graphite layers in an exfoliated graphite compact [33]. This differ-
ence between BNNT mat and exfoliated graphite is consistent with

Comparison of the dynamic mechanical properties of the BNNT mat (overall, without dividing the quantities by the solid content) with those of previously reported structural

materials that are among the best for vibration damping.

Material

Storage modulus (GPa) Loss tangent Loss modulus (GPa)

BNNT mat (37 vol.% solid) [this work]

Exfoliated graphite compact (15.5 vol.% solid) [30]

Interlocked CNT network (~26 vol.% solid) [40]

Graphite cement-matrix composite [32]

Unidirectional carbon fiber nylon-matrix composite, with acrylic sheet [41]
Crossply carbon fiber epoxy-matrix composite [42]

Glass fiber semi-interpenetrating polymer network composite [43]
Short jute fiber filled polymer blend [44]

Short carbon fiber filled nylon [45]

Jute and oil palm fiber filled epoxy [46]

Quartz particle filled epoxy [47]

Hot-compacted polyethylene/polypropylene [48]

Interpenetrating polymer networks [49]

Aluminum [50]

Aluminum [51]

Nanoscale Cu—Al—Ni shape-memory alloy [52]

Zn—Al alloy [50]

Aluminum-matrix AIN particle composite [50]

Aluminum-matrix SiC particle composite [51]

Aluminum-matrix ZnAl,04 coated SiC particle composite [51]

0.83 32 2.7
0.013 0.143 0.0019
7 0.128 0.9
9.3 0.81 7.5
37 0.43 16
56 0.043 2.4
10 0.2 2
1 0.1 1
13 0.05 0.7
7 0.07 0.5
3 0.15 0.45
5.4 0.083 0.45
0.13 03 0.04
51 0.019 1.0
43 0.021 0.9
115 0.09 9
74 0.021 1.5
120 0.025 3.0
45 0.024 1.1
57 0.042 24
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the much smaller distance between the graphite layers in exfoli-
ated graphite than the separation between BNNTs in a mat.
Furthermore, BNNT mat gives much higher values of both the loss
modulus divided by the solid content and the storage modulus
divided by the solid content than exfoliated graphite. In addition,
BNNT mat has a greater degree of viscous character than exfoliated
graphite at the same solid content.

When the overall mat (including the air) is considered, the loss
tangent, storage modulus and loss modulus all increase with
increasing solid content. This is because the BNNTs in the mat are
responsible for both the viscous and elastic characters. The viscous
character stems from the sliding among the BNNTSs in the mat. It is
consistent with a large indentation depth (14 pm) and partial
reversibility of the deformation, as observed for the mat with the
highest solid content of 37 vol.% with the absence of nanotube
fracture.
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