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Abstract: The performance of a sound insulation material is highly dependent on the
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technology adopted for its construction. In this study, we synthesized the hollow silica
nanotubes (HSNTs) and used them as functional fillers to fabricate a sound insulation
nanocomposite based on the epoxy. The sound transmission loss (STL) values of the
nanocomposites were measured using a four-microphones standing wave tube. The

TE
D

results showed that for samples with thickness of 3 mm, the STL values of the pure
epoxy resin and of nanocomposites with 3 wt% of HSNTs loading were 17 dB and 43

EP

dB, respectively. When the thickness of the nanocomposite increased to 10 mm, the
STL value increased to 57.9 dB. The improved sound insulation performances of

AC
C

nanocomposites have been attributed to the unique hollow structure of the hollow
silica nanotubes. The mechanical properties and the thermal stability of the
nanocomposites were also improved by adding HSNTs into the epoxy matrix.
Keywords: Nanocomposites; Mechanical properties; Interface/interphase; Thermal
analysis.
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1. Introduction
Noise is a health hazard to which human beings are continuously exposed and
therefore, the control of noise pollution has become an important field of research. In

RI
PT

general, there are two ways to control noise diffusion [1]. The first way is to actively
control the sources of noise. Damping materials can reduce noise in certain machines
that produce noise through vibration. This method has been effective to some extent

SC

[2-5], however, it is impossible to control all noise sources from machines, which
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limits the effectiveness of this approach. The second way is a passive method that
involves the dampening of the sound wave during its transmission by using sound
insulation or sound absorption materials. Sound-absorbing materials are mostly soft
and have porous structure, for example, polyurethane foam [6], polypropylene foam

TE
D

[7], foamed rubber [8], open-cell foamed aluminum [9], cotton [10], etc. On the other
hand, sound insulation materials are mostly heavy and thick, like steel plates [11] and
concrete walls [12]. Fabricating lighter and thinner sound insulation materials would

EP

be a great improvement since the utilization of space can be optimized.
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In recent years, many people have been working to achieve this objective. Uris
and Llopis conducted a study on the sound-proofing property of double-layer
composites using rock wool and obtained good results. The sound reduction index for
frequencies below 1250 Hz was increased by reducing the rock wool density [13].
Liang studied the sound insulation properties several composites such as polyvinyl
chloride (PVC/GB) composite filled with glass beads, a calcium carbonate filled PVC
(PVC/CaCO3) composite, and a hollow glass bead-filled polypropylene (PP/HGB)
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composite, and found that the sound insulation property of the PP/HGB composite
was the best [14]. Ahmadi and Ghasemi measured the sound insulation properties of a
nanoclay filled acrylonitrile–butadiene–styrene (ABS) composite and found that
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ABS/clay (4 wt%) and (8 wt%) improved the sound transmission loss (STL) of a
virgin ABS by 6–20 and 4–5 dB at high and low frequency ranges, respectively [15].
Lee and Kang tested the STL and mechanical properties of ABS/carbon-black

SC

composites and confirmed that the sound insulation effect was correlated to the
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amount of carbon black meaning that the higher the content of carbon black, the
greater is the sound transmission loss of the composite, and identified the optimum
percentage of carbon black for best results [16]. Díaz and Rabanal demonstrated that a
multilayer lightweight concrete wall had a better sound-proofing performance for

TE
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frequencies ranging from 100 to 5000 Hz [17]. A double layer or multilayer insulation
material can replace the single layer insulation material to a certain extent, although
the double structure has a few drawbacks. For example, if the middle section of the

EP

double insulation material is filled with air, an excellent sound insulation effect can be
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obtained by avoiding the creation of a sound bridge [18, 19]. Therefore, the sound
insulation performance of the double layer or multilayer structure of sound insulation
material is highly dependent on the construction technology. If the sound bridge is
formed or if the bonding layer falls off, the sound insulation effect of the composite
material will be greatly reduced.
Yu and Yao developed closed cell aluminum foam sandwich panels (main cell
diameter was 3 mm) and proved that this method was effective for sound insulation
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[20]. Kim et al. investigated the soundproofing properties of polypropylene (PP)/clay
/carbon nanotube (CNT) nanocomposites, and found that the STL for the PP/clay (4.8
wt%)/CNT (0.5 wt%) composite was 15-21 dB higher than that for pure PP at high

RI
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frequencies and 8-14 dB higher at low frequencies [21]. They also measured the
PP/CNT/exfoliated graphite nanoplatelet (PP/CNT/xGnP) composites and found that
the STL of the PP (80 wt%)/CNT (10 wt%)/xGnP (10 wt%) composite was 5 dB

SC

higher than that the pure PP [22].
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The results of the above articles have reconfirmed that hollow fillers (CNT, HGB)
could improve the sound insulation properties of composite materials. In this study, a
typical of hollow silica nanotubes (HSNTs) were synthesized using the sol-gel method
refering to the work of the Yadong Yin [23]. It’s believed that the hollow silica
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nanotubes have many applications, such as drug vectors in drug delivery and in
controlled drug release [24-26], and acoustic materials. Notably, the interfaces
between the silica nanotubes and the epoxy matrix, and the interfaces between silica

EP

nanotubes and inner air could scatter, diffract and refract the sound waves energy.
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Thus, we added HSNTs into epoxy resin (EP) to make the nanocomposites, and
anticipated that the materials have a good sound insulation property and therefore will
reduce the inherent brittleness of the epoxy [27, 28]. At the same time, it was expected
that the nanocomposites will also maintain the excellent performances of the epoxy
resin [29-31].
2. Experimental
2.1. Materials
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The epoxy resin, diglycidyl ether of bisphenol-A (DGEBA) based E-51 epoxy
with an epoxide equivalent weight of 192, was purchased from Shanghai Resin
Factory Co., China. Methylhexahydrophthalic anhydride (MeHHPA) hardener was
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obtained from Jiaxing City Ocean Chemical Co., China. 2-ethyl-4-methylimidazole
(EMI-2,4) was used as an accelerant for the curing reaction and was purchased from
Beijing Chemical Reagent Co., China.

SC

Polyoxyethylene cetyl ether was purchased from Sigma-Aldrich. Hydrazine
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hydrate (100%, hydrazine 64%), tetraethyl orthosilicate (TEOS), nickel chloride
(NiCl2•6H2O), diethylamine, sodium hydroxide (NaOH), hydrochloric acid (HCl,
37.5%), cyclohexane, ethanol, and isopropanol were supplied from Beijing Chemical
Reagent Co., China. All chemicals were used as received without further purification.

TE
D

2.2. Synthesis of hollow silica nanotubes (HSNTs)

In a typical synthesis procedure [23], 8.0 g of polyoxyethylene cetyl ether was
dissolved in 20 mL of cyclohexane at 50oC. 2.0 mL of NiCl2 solution (0.8 M) was

EP

added under stirring to obtain a homogeneous solution. Next, 0.50 mL of hydrazine
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hydrate was added drop wise. After 3 h of stirring, 1 mL of diethylamine and
subsequently 3 mL of TEOS were added into the system. The silica coating process
was carried out for 4 h during which the TEOS deposited on the surface of the
rod-like template to form a coating of silica layer. The coated sample was centrifuged
and

washed

with

isopropanol

and

ethanol.

The

as-synthesized

nickel-hydrazine@silica nanorods were dispersed in 90 mL of HCl solution (3M) to
obtain silica nanotubes. The dispersion was stirred at room temperature for 3h. The
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silica nanotubes were collected by centrifugation and washed with water and ethanol
until the pH value was neutral. The nanotubes were then freeze-dried for 48 h and
stored.
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2.3. Preparation of EP/HSNTs nanocomposites
The dry HSNTs powder was added directly into the DGEBA epoxy resin using a
Rotation-Revolution Hybrid Mixer (ARE-310, THINKY, Japan). The hardener and

SC

accelerant were added to the above mixture at room temperature. After mixing for 15
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min, the resin mixture was poured into pre-heated steel molds coated with a
release-agent and three samples were prepared with different curing temperatures
(80 °C for 2 h, 100 °C for 2 h, and 160 °C for 5 h). Then the epoxy (EP)/HSNTs
nanocomposites were obtained.

TE
D

2.4. Characterization

The sound transmission loss (STL) values were measured at room temperature
by the standing wave tube as shown in Fig. 1. The test set-up (BSWA Technology Co.,

EP

Ltd) consist of four 0.25 inch BSWA-MPA416 microphones, a BSWA-CA111 sound
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calibrator, a type BSWA-SW466 impedance tube, a BSWA-PA50 conditioning
amplifier, a BSWA-MC3242 frequency analyzer, and include the BSWA-VA-Lab4
IMP software. Two types of tubes are used: a 30 mm diameter tube (small tube) for
high frequencies (1600–6300 Hz) and a 100 mm diameter tube (large tube) for low
frequencies (100–2500 Hz). These STL tests method refer to the ASTM E2611
standard.
Transmission electron microscopy (TEM) images were obtained using a Tecnai
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G220 electron microscope (FEI Co., Netherlands) with an acceleration voltage of 200
kV. The TEM specimens were cut at room temperature using an ultra-microtome
(LEICA Co., Austria, UCT-GA-D/E-1/00) with a diamond knife from an epoxy block
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in which the films of the nanocomposite were embedded. Thin specimens (50–100 nm)
were collected in a trough filled with water and placed on copper grids. Samples were
prepared by placing a drop of the HSNT suspension in ethanol on copper grids and

SC

dried under ambient conditions. The morphology of HSNTs and their dispersions in
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the fracture surfaces of the nanocomposites were studied using a field
emission-scanning electron microscope (FE-SEM, FEI Co., Netherlands) with an
accelerating voltage of 10 kV.

A dynamic mechanical analysis (DMA) was conducted on a TA Instrument

TE
D

(DMA Q800) at a heating rate of 5°C/min and a frequency of 1 Hz. The tests were
carried out using the single cantilever mode, the specimen dimensions being 35 × 10.0
× 4.0 mm3.

EP

Thermogravimetric analysis (TGA) was performed on TA Instruments (TGA
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Q500) under nitrogen atmosphere over a temperature range of 50–650 °C at a heating
rate of 10 °C/min.

Tensile tests and bending tests were carried out using an electronic universal

testing machine (Shenzhen San Testing Machine co., CMT4104) with a 10 kN load
cell at a crosshead speed of 2 mm/min. Dumbbell-shaped tensile samples were
prepared according to the ISO 527 standard and bending tests samples were prepared
according to the ISO 14125 standard. The fracture toughness of the samples was
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measured according to the ASTM D5045 standard using a three-point-bend
(SEN-3PB) single-edge-notch specimen with dimensions 65 × 10 × 4 mm3. Each
reported value was the average from at least six specimens. The charpy impact testing
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machine (Shenzhen San Testing Machine co., ZBC-1400-1) was used to evaluate the
impact resistance of the notch samples. Impacting tests samples were prepared
according to the ISO 179 standard. Each reported value was the average of those

SC

obtained from at least eight specimens.
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2.5. Theoretical basis of STL

In this research, we tested the STL values by changing the boundary conditions
of the four sensors measuring method. The samples have to be tested at the absorbent
opening end and the absorbent closing end, of the impedance tubes with four

TE
D

microphones. The theoretical STL value was calculated by the equation (1) using a
transfer function method [1, 21].

STL = -20lg | t |

(1)

EP

Where t is the ratio of the transmitting sound energy to the incident sound energy.
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The scheme of the measurement is shown in Fig. 1. The sample is in the middle of
the tube, the sound wave is produced by the speaker, and four microphones are used
to measure the sound power. As shown in Fig. 1 the “1” is the incident sound energy,
the “3” is the transmitted sound energy, and the “2” is the reflected sound energy.
3. Results and discussion
According to the mass law of the acoustic, under the same conditions, the
materials with higher density will possess higher STL values. In this study, the
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densities of the materials were all around 1.20 g/cm3 with almost no variation, which
means that the effect of density on the properties of the nanocomposites can be
ignored in the present case [32, 33]. The data of the densities were shown in Table S1
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(Supporting Information).
3.1. Dispersion of HSNTs in the epoxy

TEM and SEM were used to examine the morphology of HSNTs and EP/HSNTs

SC

nanocomposites. The hollow silica nanotubes (HSNTs) were synthesized by a sol-gel
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method. From the Fig. 2a, we could see the rod-like template coating by silica. The
HSNTs were obtained by washing the template with 90 mL of HCl solution (3M). As
shown in Fig. 2b, the HSNTs with a length of 200-450 nm, an inner diameter of 20
nm and an outer diameter of 50 nm were obtained by removing the rod-like template
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with the HCl. In addition, the N2 adsorption-desorption isotherms and the pore size
distribution of the HSNTs were also tested to prove the hollow structure of the HSNTs
(Fig. S1, Supporting Information). From the images of Figs. 2c-f, the nanocomposites

EP

with the different HSNTs contents from 0.5 wt% to 3 wt%, it is clear that no epoxy
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filled the inner cavity of the HSNTs in the composites and the HSNTs kept vacant. It
could also be observed that the HSNTs were slightly aggregated throughout the
nanocomposites with the 2 wt% and 3 wt% contents.
Fig. 3a show the SEM image of the HSNTs and the Fig .3b show the SEM image

of the fracture surface of neat epoxy. Figs. 3c-f, the nanocomposites with the different
HSNTs contents from 0.5 wt% to 3 wt%, show that the HSNTs were slightly
aggregated when the loading of nanotubes increased and this phenomenon was more
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obvious at higher loadings. This is because that the HSNTs have large specific surface
areas (81.0 m2/g) and high surface energies, which causes their aggregation [34-36].
In addition, the strong interaction between the hydroxyl groups on the surface of the

3.2. The cross-linking density of the composites
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HSNTs was also responsible for the aggregation.

According to the theory of rubber elasticity, the cross-linking density (ρ) of a

SC

cured epoxy network is proportional to its storage modulus in the rubbery region [29],

ρ = E′ /3RT
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and the cross-link density can be calculated using the following equation:
(2)

where E′ is the storage modulus at Tg + 30 °C, R is the gas constant, and T is the
absolute temperature at Tg + 30 °C. From the DMA results we could get the storage

TE
D

modulus and the absolute temperature.

The curves of the storage modulus (E′) and the loss factor versus temperature
were given in Fig. 4a and Fig. 4b, respectively. Compared to the neat epoxy,

EP

EP/HSNTs nanocomposites showed slightly higher of E′ with the HSNTs loading
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increasing at low temperatures (<100 °C), with the exception of the composites
containing 3 wt % HSNTs. However, at higher temperatures (>100 °C), the E′ of the
neat epoxy is higher than that of the EP/HSNTs nanocomposites. Of course, the
storage modulus decreased with the HSNTs loading increasing in this research owing
to the phase separation of the epoxy resin and the aggregation of the HSNTs. In Fig.
4b, the curve of the loss factor versus temperature have a lower intensity secondary
peak at around 125 °C, in samples with 1.0 wt%, 2.0 wt%, 3.0 wt% HSNTs. This
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phenomenon may be due to the phase separation in the epoxy matrix [37-40]. The loss
modulus of the nanocomposites shown in Fig. S2 proved the phase separation of the
nanocomposites.

RI
PT

Compared with the neat epoxy, the cross-linking densities of the nanocomposites
were all decreased with the HSNTs loading increasing. When the content was higher
than the 1.0 wt%, the cross-linking densities of the nanocomposites were increased.

SC

These results are shown in Fig. 5. Indeed, the cross-linking densities of the EP/HSNTs
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nanocomposites with 2.0 wt% and 3.0 wt% HSNTs are higher than those of the
nanocomposites with 1 wt% HSNTs. This is related to the extent of dispersion of the
HSNTs in the epoxy matrix. When the HSNTs content is 1.0 wt%, the dispersion is
uniform. However, when the content increased to 2 wt% and 3 wt%, a clear

TE
D

aggregation of the HSNTs was observed owing to an increase in the sizes of the
particles. Therefore, the cross-linking density of the nanocomposites with the content
of 2 wt%, 3wt% did not reduce significantly.

EP

Based on the above results, we consider that the cross-linking density calculated
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from equation (2) was an average data, since the HSNTs significantly influence the
cross-linking density. When there are no HSNTs, the cross-linking density of the
matrix is normal as the neat epoxy and higher than the average data. But in the
presence of HSNTs, the cross-linking density of the matrix is decreased and lower
than the average data. In this situation, two regions with different cross-linking
densities are present in the same epoxy matrix and causes the phase separation
[37-40]. This phenomenon may be very useful since the damping properties of the

11

ACCEPTED MANUSCRIPT
matrix are improved, which in turn enhances the sound insulation capacity of the
nanocomposites.
3.3. Soundproofing properties of the nanocomposites
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The STL values were tested from 100 Hz to 6300 Hz and the average STL value
was obtained from the 1/3 octave average value [21, 41, 42, 43]. The soundproofing
properties and the average STL values of the nanocomposites are shown in Fig. 6 and

SC

Fig. 8.
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In this typical curves of STL versus sound frequency (Fig. 6a), a lowest STL
value appears at the resonance frequency of 1000 Hz for the neat EP, and 1250 Hz for
the nanocomposites with 0.5 wt% of HSNTs. Moreover, the curve can be divided into
two zones (left zones and right zones) according to sound frequency. When the
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frequency was lower than the resonance frequency, the STL values of composites
decreased with the frequency increasing in left zones. On the contrary, the STL values
of composites increased with the frequency increasing in the right zones. In Fig. 6b,

EP

the average STL values of the pure epoxy and of the nanocomposites with 3% HSNTs
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were 45.9 dB and 57.9 dB, respectively. Moreover, the average STL values of the
other nanocomposites were also improved. The average STL increase should be due
to the unique hollow structure of the HSNTs and this aspect will be explained further
through the Fig. 7.

Fig. 7 shows the scheme of the sound wave dispersion into the composites.
When the incident sound energy faces the smooth surface of the composite material,
part of the sound energy is totally reflected and does not penetrate into the material.
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The other part of the sound energy is converted into mechanical vibration and
penetrates the composite material, so the sound energy is also decreased. There are
several reasons to explain the sound energy dispersion of the composites: firstly, it has

RI
PT

been that the cross-linking density of the matrix is reduced due to the addition of the
HSNTs. The lower cross-linking density of the matrix could improves the damping
property, and the damping property of the matrix could absorb the mechanical

SC

vibration energy, thus the matrix could dissipate some of the sound energy [3, 44, 45].
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Secondly, the pathway through which the mechanical vibration propagated in the
composite also plays an important role. The interfaces between the silica nanotubes
and the epoxy matrix and the interfaces between silica nanotubes and inner air can
scatter, diffract and refract sound waves energy. Thirdly, the air inside the inner cavity

TE
D

of the HSNTs is confined in a narrow space and the air could not move freely which
dampened the sound waves in the nanocomposite.
The soundproofing properties and the average STL values of EP/HSNTs

EP

nanocomposites with different thickness are shown in Fig. 8. The loading of HSNTs
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was 3 wt% for all the samples and the thicknesses were from 3mm to 10 mm. The
STL value increased with increasing thickness of the samples at all frequencies, and
the average STL values of the pure epoxy and the nanocomposites with 3 mm
thickness were 17.2 dB and 43.3 dB, respectively. The average STL of the
nanocomposites with 10 mm thickness was increased up to 57.9 dB.
This phenomenon may be explained by the fact that the STL value depends on the
thickness of the composite. When the material is thicker, the STL value is greater.
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Further, when the thickness of the composites is a constant value, a functional filler
like HSNT plays an important role in improving the STL value of composites. The
sound energy has to pass through the interfaces between the HSNTs and epoxy matrix,

RI
PT

and the interfaces between air and HSNTs. Much more interfaces of HSNTs which
can scatter, diffract and refract sound waves will greatly extend the propagation path
for sound wave. Finally, the sound energy was decreased, resulting from the addition

SC

of HSNTs.
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It is seen that the nanocomposites significantly improved the sound insulation
property. However, these materials also have other interesting properties, such as
mechanical properties and thermal stability, hence we have also tested these properties
of the nanocomposites.

TE
D

3.4. Mechanical properties of the nanocomposites

The fracture toughness (KIC) [46], bending, tensile and impact [47, 48] tests
were performed to evaluate the mechanical properties of the EP/HSNTs

EP

nanocomposites. Fig. 9a shows the fracture toughness of the epoxy resins with
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different HSNT contents, and the KIC was calculated from equation (3) and (4), where
P is the critical load for crack propagation, B is the specimen thickness, W is the
specimen width, and a is the initial crack length.

(3)

f ( Wa )

6x1/2[1.99-x(1- x)(2.15-3.93x+2.7x2)]
(1+2x)(1-x)3/2
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(x

a

W)

(4)
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The KIC of the pure epoxy resin is 0.62 MPa•m1/2 and the KIC of the
nanocomposite with 1.0 wt% HSNTs is 0.80 MPa•m1/2. The KIC decreased with
increasing loading of HSNTs, which may be explained by the increased aggregation
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of HSNTs at higher loading. However, the KIC of all the EP/HSNTs composites were
still higher than that of the pure epoxy.

As shown in Figs. 9b and 9c, the bending strength and tensile strength reached a

SC

maximum value when the HSNTs loading was 1.0 wt%. The bending modulus and
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tensile modulus of the nanocomposites increased only slightly and showed little
change when the HSNT loading was increased. This phenomenon may be due to the
poor interfacial interaction between the HSNTs and the epoxy matrix.
Fig. 9d shows the Charpy notched impact test results for epoxy resins with
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different contents of the HSNTs. The impact strength of the pure epoxy resin was 6.25
kJ/m2 and that of the nanocomposite with 0.5 wt% HSNTs was 11.67 kJ/m2, yielding
an increase of ∼86.7%. This obvious toughening effect can be attributed to the lower

EP

cross-linking density of the nanocomposites and the plasticizing effect of the
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nanometer sized particles. Further, the impact strength values monotonously
decreased with increase in HSNT loading, which is due to the poor dispersion of the
HSNTs into the epoxy matrix at higher loading.
3.5. Thermal stability of the nanocomposites
The Fig. 10 is the TGA curve of the epoxy resin and the nanocomposites with
different HSNTs contents. From this fig we could see that, when the loading of
HSNTs increases, thermal stability of the nanocomposites was improved, especially at
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high temperatures (>400oC). When the temperature was 270oC, the weight loss ratio
of all the nanocomposites were less than 1wt%. In general, when the weight loss ratio
of the material is 5 wt%, this corresponding temperature is considered to be the initial
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decomposition temperature of this material [49]. The initial decomposition
temperature of the neat epoxy was the 401.3oC, however, the nanocomposites with 1
wt% and 2 wt% HSNTs had a 5 wt% weight loss at 364.4oC and at 400.5oC,

SC

respectively, which were lower than that of the neat epoxy. This should be attributed
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to the decrease of the cross-linking density of the nanocomposites by adding HSNTs.
When the content of the HSNTs was up to 3 wt%, the initial decomposition
temperature of the composites materials was increased to 417.6 oC.
This is mainly because that the HSNTs were dispersed into the epoxy matrix and
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provided large number of hydrogen bonds that act as barriers to prevent the
decomposition of the nanocomposites, at the same time, the lower cross-linking
density still played a key role and accelerated the decomposition of the

EP

nanocomposites [50]. However, this situation gradually changed with increasing
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loading of HSNTs. Thus, the thermal stability of the nanocomposite was determined
by two factors and depended on both the matrix and the filler.
4. Conclusions

The hollow silica nanotubes were synthesized using the sol-gel method and were

incorporated without any modification into epoxy resin as functional fillers to prepare
EP/HSNTs nanocomposites. Compared with the neat epoxy, the mechanical properties
and sound insulation properties of the nanocomposites were all improved. The
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cross-linking densities of the epoxy matrix were all decreased with the increased
HSNTs loading. In particular, when the thickness of the nanocomposites with 3.0 wt%
HSNTs was 10 mm, the average STL value of the sample was increased to 57.9 dB
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and was higher than the 45.9 dB of the neat epoxy at the same thickness. So we
anticipate that adding well dispersed HSNTs to the other polymer matrix will lead to
exciting improvements in mechanical properties, thermal stability and so on.
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Figure and table captions:

Fig. 1. Scheme of measuring sound transmission loss with a four-microphone
impedance tube.

Fig. 2. TEM image: (a) Silica@rod-like template. (b) HSNTs. TEM images of
microtome sections (c, d, e, f) of EP/HSNTs composites with different loadings: (c)

TE
D

0.5 wt%; (d) 1.0 wt%; (e) 2.0 wt%; (f) 3.0 wt%.

Fig. 3. (a) SEM image of HSNTs. (b) SEM image of the fracture surface of pure
epoxy and fracture surfaces (b, c, d, e) of EP/HSNTs composites with different

EP

loadings: (c) 0.5 wt%; (d) 1.0 wt%; (e) 2.0 wt%; (f) 3.0 wt%.
Fig. 4. The DMA results of the HSNTs nanocomposites.
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Fig. 5. The cross-linking densities (ρ) of the neat epoxy and the nanocomposites.
Fig. 6. The soundproofing properties of nanocomposites with different HSNTs
contents.

Fig. 7. Scheme of the sound wave dispersion into the nanocomposites.
Fig. 8. The soundproofing properties of nanocomposites with the different thickness.
Fig. 9. (a)Fracture toughness, (b) bending property, (c) tensile property and (d) impact
strength of the neat epoxy and the nanocomposites.
Fig. 10. Thermogravimetric results of the neat epoxy and the nanocomposites.
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