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Damping Augmentation of
Epoxy Using Carbon
Nanotubes

Abdolhosein Fereidoon, Naser Kordani, Morteza
Ghorbanzadeh Ahangari, and Mohammadreza Ashoory

Department of Mechanical Engineering, Semnan University, Semnan, Iran

In nanotube-based polymeric composite structures it is anticipated that high damping
can be achieved by taking advantage of the interfacial friction between the nanotubes
and the polymer. The purpose of this paper is to investigate the structural damping
characteristics of polymeric composites containing carbon nanotubes (CNT) of various
kinds and amounts. The damping characteristics of the specimens with 0, 0.5, 1 and
1.5 wt% nanotube contents were determined experimentally. Through comparing with
neat resin specimens, the study showed that one can enhance damping by adding CNT
fillers into epoxy. It is also shown that single-walled carbon nanotube (SWCNT)-based
composites could achieve higher damping than composites with multi-walled carbon
nanotube (MWCNT) fillers. Comparing the damping ratio of 0.5wt% MWCNT and
functionalized MWCNT (MWCNT-COOH) specimens, the damping ratio of the
0.5wt% MWCNT-COOH specimen is higher because of the surface modification.
Similarly, experiments showed that the maximum value of the damping ratio was
obtained at 1wt%.

Keywords carbon nanotube, composite, damping, epoxy, surface modification

INTRODUCTION

Recently, nanoparticles have been attracting increasing attention in the
composite community because they are capable of improving the mechanical
and physical properties of a polymer matrix [1-6]. Their nanometer size,
which leads to high specific surface areas of up to more than 1000 m?/g, and
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extraordinary mechanical, electrical and thermal properties, make them
unique nano-fillers for structural and multifunctional composites.

Commonly used nanoparticles in nanocomposites include multi-walled
carbon nanotubes MWCNTSs, single-walled carbon nanotubes SWCNTs,
carbon nanofibers (CNFs), montmorillonite (MMT) nanoclays, and polyhedral
oligomeric silsesquioxanes (POSS). Other nanoparticles, such as Al,O3, TiOs,
and nanosilica are also used in the nanocomposites. Compared to other
particulate additives, carbon nanotubes and carbon nanofibers offer a number
of advantages. The addition of a small amount of carbon nanotubes or carbon
nanofibers can enhance the matrix-dominated properties of composites, such
as stiffness, fracture toughness, and interlaminar shear strength [7-11]. The
improvement of mechanical properties has been substantiated by a variety
of experimental procedures [12-14].

As produced, SWCNTs are found either in parallel bundles referred to as
“ropes” or in concentric bundles known as MWCNTs [15,16]. In each bundle
arrangement, the SWCNTs are held together with relatively weak van der
Waals forces. It has been found that interlayer sliding of MWCNTs is
comparable to that of graphene layers in crystalline graphite [16,17].

New fabrication and purification techniques have enhanced the production
of carbon nanotubes (CNTs) [18,19], leading to the possibility that lightweight
structural polymers with excellent mechanical properties can be produced using
small weight/volume fractions of CNTs as a reinforcing phase. For example,
with the addition of only 1% nanotubes by weight, a 36—42% increase in elastic
modulus has been observed for polystyrene [20]. Experimental results have
demonstrated that the improvement of material properties relies on nanotube
dispersion and resin/nanotube interfacial bonding [20-24].

Most of the research on CNT-based composites has focused on their elastic
properties. Relatively little attention has been given to their damping mechanisms
and ability. However, Koratkar et al. [25,26] recently observed promising damping
ability for a densely packed MWCNT thin film. They conducted direct shear test-
ing of an epoxy that contained MWCNTSs and reported strong viscoelastic behavior
with up to 1400% increase in the loss factor of the baseline epoxy resin. The great
improvement in damping was achieved without sacrificing the mechanical
strength and stiffness of the polymer, and with a minimal weight penalty.

Traditionally, researchers have fabricated CNT composites by directly mix-
ing CNT into polymers and then using casting and injection techniques to make
nanocomposites. However, it should be noted that melt mixing is the most pre-
ferred method for the preparation of polymer/CNT nanocomposites for indus-
trials applications [27]. Gou et al. [28] developed a new technique approach to
fabricate nanocomposites using SWCNT. The experimental details of their fab-
rication of SWCNT were described in a different paper [29,30].

Previous research has explored the effects of nanoscale particle fillers on
the damping properties of polymer composites. For elastomeric materials, it
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has been found that rod-like aggregates of roughly spherical carbon black
particles increased the material damping in the strain range in which the
breakdown and reformation of carbon black aggregates occurs [31,32]. This
strain dependent, damping enhancement in particle-filled elastomers is
known as the Payne Effect. Analogous effects can be expected for composites
containing CNT fillers.

Because of the small size of nanotubes, the surface area to mass ratio (specific
area) of carbon nanotube arrays is extremely large. Therefore, in composites with
CNT fillers, it is anticipated that high damping can be achieved by taking advan-
tage of the weak bonding and interfacial friction between individual CNTs and
resin. Recently, Buldum and Lu [33] investigated the interfacial sliding and roll-
ing of carbon nanotubes using MD methods. It was found that a nanotube first
sticks and then slips suddenly when the force exerted on it is sufficiently large.
The resulting hysteresis observable in the plot of force versus distance provided
the energy dissipated during the “stick-slip” motion.

The main goal of this paper was to explore the damping properties of epoxy
and its nanocomposites reinforced with different amounts and various kinds
of CNT.

THEORY

The damping of a structure can be estimated using the well known half-power

point method [34]. This theory calculates the frequency response function (FRF)

of a structure. The sharpness of resonance related to one of the modes of the vib-

rating structure can be used to estimate the damping ratio of that mode. Figure 1

shows the half-power points related to one resonance peak of the structure.
Damping can be calculated from Eq. (1)

2 2
_wZ—wlwwg—wl

¢ = ~ (1)

40?2 2w,

where w(Hz) is the excitation frequency, w;(Hz), wo(Hz) are the frequencies
corresponding to the half-power point, and w,(Hz) is the natural frequency.

The half-power point method is mainly applicable for lightly damped
structures. Figure 2 indicates a heavily damped resonance peak of a vibrating
system. For heavily damped structures, Eq. (1) can be modified as follows:

Around a mode, the dynamic behavior of system can be considered as a
single degree of freedom system (SDOF) [34]. Figure 3 indicates a model of
a SDOF system. For a SDOF system we have:

X = = 2)

13
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Figure 1: The half-power point’s technique related to one resonance peak of the structure.

where m and K are the mass and stiffness of the spring, ¢ is the damping ratio,
X is amplitude of vibration, Xzgg is amplitude at resonance and F is the

excitation amplitude.

For a heavily damped structure the level of Xgpps— 1.5db can be con-
sidered instead of Xzzs — 3 db in the half-power point method; thus we have:

X
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Figure 2: Indicates a heavily damped resonance peak of a vibrating system.
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Figure 3: A single degree of freedom system (SDOF).

X
=0.84 4
XRrEs @
Fy/ K
Xges = 2¢ (5)

Substituting Egs. (4) and (5) into Eq. (2), for << 1, we have:
(w/wn)? =1+1.3¢ (6)

For w < w,, w=w; and for v > w,, ® = ws,.

of = (1 - 1.3¢)w? (7)
wf = (1+ 1.3¢)0? (8)
With subtraction we have:
2 9
26¢=22"" (9)
Wn,

EXPERIMENT

Specimen Preparation

An epoxy resin (LY 564 from Huntsman) with a polyamide hardener (HY
560 from Huntsman) was employed as a matrix in this study, with unidirec-
tional carbon fiber (T300) as filler. In order to evaluate the CNT effect on a
fiber-reinforced polymer composite, different types of CNTs were also
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dispersed in the matrix. Chemical vapor deposition (CVD)-technique-produced
CNT, from the Research Institute of Petroleum Industry (RIPI) were used. The
MWCNT had an outer diameter of 23 nm and an inner diameter of 11 nm and
the SWCNTSs diameters were between 1 and 4nm and the maximum length
was less than 10 um; moreover, these CNT were functionalized by oxidation
and ultraviolet ray techniques from RIPI. Figure 4 shows carbon nanotube
TEM images before and after functionalization; the dark points are metal par-
ticles and amorphous carbon materials. With acid treatment, the metal cata-
lyst was eliminated, the closed tubes were opened and the length of
nanotubes was shortened [35-37]. In agreement with TEM investigation,
EDX analysis of the acid-treated samples showed a decrease in the metal cata-
lyst (cobalt).

Figure 4: (a) Carbon nanotube micrograph before functionalization, (b) carbon nanotube
micrograph after functionalization.
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220

15

Figure 5: Specimens prepared by cutting a nanocomposite plate (units are in
millimeter).

[

02

For simplicity, the same weight fraction each of SWCNT, MWCNT or
functionalized MWCNT (MWCNT_COOH) (0.5 wt%) was dispersed directly
into the hardener (HY560) with ultrasonic for 10 min with 60% power.
After sonication, a high shear mixer was used at 700rpm for 30 min to
achieve better dispersion in the hardener. The epoxy resin (LY 564) was
degassed first and then mixed with the HY560/CNT mixture. A composite
plate was left for 15h at 50°C under a vacuum bag after it was prepared
with hand lay-up. Specimens were prepared by cutting the composite plate
into small pieces with a saw (220mm x 13—20mm x 5mm), as shown in
Figure 5.

The processes were the same for MWCNT-COOH, SWCNT, and MWCNT.
The formulations of the nanocomposites are presented in Table 1.

Scanning electron microscopy (SEM) was performed using a Cambridge
S360 to examine the fracture surface morphology of the epoxy/CNT nanocom-
posites. The fracture surface was prepared by fracturing the epoxy/CNT nano-
composites in liquid nitrogen. The sample was sputtered with gold prior to
observation. SEM photos were taken to evaluate the nanotube dispersion in
the resin, as shown in Figure 6, which is for a 0.5 wt% MWCNT.

Modal Testing and Analysis

A regular composite beam without nanotube and nanocomposite
beams with carbon nanotubes were used as the specimens for the damp-
ing test.

A force transducer (BK8200) was attached on one side of the specimen to
measure the input force. An accelerometer (A/123E) was attached on the other
side of the specimen to detect the acceleration, as shown in Figure 7. The
specimen was in a free-free boundary condition and was excited by a shaker
(BK4808).

Sweep sinusoidal signals were used as the excitation source for shaker,
and the frequency response function (FRFs) was derived using an Analyzer
in a conventional modal testing procedure.

Figures 8-13 show the measured FRF's for specimens with different nano-
tube material contents (0, 0.5, 1 and 1.5wt%). The damping ratios for these
specimens were computed according to the theoretical procedure.

17
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Figure 6: SEM microphoto of epoxy/MWCNT nanocomposite with 0.5 wt% MWCNT material.

Figure 7: Experimental setup for the damping test.

19
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Figure 8: Frequency response function for 0.5wt% SWCNT nanocomposite.
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Figure 9: Frequency response function for 0.5 wt% MWCNT nanocomposite.
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Figure 10: Frequency response function for 0.5 wt% MWCNT-COOH nanocomposite.
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Figure 11: Frequency response function for 1 wt% MWCNT-COOH nanocomposite.

RESULTS AND DISCUSSION

Experimental investigations were performed to obtain the damping ratio
of the neat specimens, and the damping characteristics of the CNT-based
composites.

The damping characteristics of the specimens with 0.5, 1 and 1.5wt%
nanotube content were shown in Figures 8-12. Comparing Figure 13 with
Figures 8-12, it can be seen that the damping characteristics of the beams
were significantly different between specimens with and without nanotubes.
It is also apparent that damping can be enhanced by adding CNTs.

X/Xres (dB)
B 88 88 38 8

Y
o

U = e I R e ey BN —

o

0 20 400 600 800 1000 1200 1400 1600 1800
frequency (HZ)

Figure 12: Frequency response function for 1.5wt% MWCNT-COOH nanocomposite.
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Figure 13: Frequency response function for epoxy.

The damping ratio of the 1 wt% specimen is much higher than those of the
0.5 and 1.5 wt% specimens and the neat specimen.

Comparing the damping ratios of the 0.5wt% MWCNT, SWCNT,
MWCNT-COOH specimens it can be seen that the damping ratio of the
0.5wt% SWCNT-specimen is greater than that of the 0.5wt% MWOCNT
because of the van der Waals force between the nanotube layers. Figure 14
shows that the damping ratio of the 0.5wt% MWCNT-COOH_specimen is
greater than that of the 0.5wt% MWCNT because of surface modification.
The damping ratio of the regular composite beam and the nanocomposite
beam are compared in Figure 15.

03
s B0.5Wi% SWCNT
702
{ 0.15 B 0.5wi% MWCNT
S04
o 00.5wi%
0.05 MWCNT-COOH
0

1stmod 2nd 3rd mod
mod

Figure 14: Damping ratio of the 0.5wt% MWCNT, SWCNT, MWCNT-COOH specimens are
compared for the first, second, and third natural frequencies.
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Figure 15: Damping ratio of the regular composite beam and the nanocomposite beams
for the first, second, and third natural frequencies.

The peak value in the FRF represents resonance at a certain frequency.
From the FREF, it can be clearly seen that the sharp peak of the first mode,
second mode, and third mode are significantly reduced for the nanocomposite
beam, which indicates that the nanocomposite beam has improved the damp-
ing property.

To further demonstrate the improved damping of the nanocomposite
beam, the frequency responses of the regular Composite beam and the nano-
composite beam are compared in Table 1.

This comparison demonstrates that the damping ratio values of the nano-
composite beam at these three natural frequencies are much greater than those
of the regular composite beam. The damping ratio is calculated by using Eq. (9).

Table 1 show the first three modal frequencies and associated damping ratios
of the six beams. From the damping ratio comparison, it is clear that the damping
ratio of the nanocomposite beam increased up to 200—1200% at the 2nd mode and
3rd mode frequencies. However, there is little change in the mode frequencies,
which means that there is only a slight change in the stiffness of the composites.
This demonstrates an advantage of nanocomposite over regular composite.

Therefore, it is concluded that the incorporation of carbon nanotubes could
result in a significant increase in structural damping of conventional
fiber-reinforced composites.

CONCLUSION

Given that more energy will be dissipated with a greater frictional force, the
interfacial area between the nanotubes and the resin is extremely large

23
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because of the small size of carbon nanotubes, which will cause greater
frictional force and structural damping.

It can be observed that the composites with MWCNTSs have much higher
damping ratios than that of the neat resin specimen. This higher damping
ratio is due to the fact that nanotube-based composites have the largest inter-
facial contact area with the resin, and the highest stiffness among all the
different fillers considered.

Note that with greater stiffness, fillers have an increased capability to
resist applied loading, which could lead to more slippage and energy dissi-
pation through friction. In other words, the increase in contact area dramati-
cally increases the potential for energy dissipation due to interfacial friction.

Nevertheless, it can be concluded that, by taking advantage of the large
interfacial contact area between CNTs and resins, as well as the high stiffness
and low density properties of CNTs, high performance in energy dissipation
and structural damping can be achieved by the proposed treatment.

It can be observed that with increased MWCNT-COOH weight ratio up to
1wt%, the damping ratio increases. This is due to the fact that more energy
will be dissipated with a larger frictional force.

The damping ratio decreases for a weight ratio of 1.5 wt%; these decreases
are due to inherent van der Waals attractions between nanotubes that readily
cause the formation of more entangled agglomerates in the epoxy matrix. This
gives rise to defects in the epoxy and decreases adhesion nanofiller to the
matrix. However, the elongation at a break decreases considerably, even for
0.5 wt% MWNTs.

This reduction may be due to the poor interfacial interaction of the
MWNTs with the epoxy matrix because of the nanopolarity of the MWNTSs
and the epoxy. Defects introduced into the polymer matrix from the addition
of MWNTs also contributed to this reduction.

Because of the higher aspect ratio and high surface area of the nanotubes,
it seems to be impossible to disperse the MWCNT properly when the greater
amounts of filler are incorporated into a matrix, especially by the melt-mixing
method.

Similarly experiments showed that the maximum damping ratio was
obtained at 1 wt%.

From Figure 14, it can be observed that the composites with
MWCNT-COOH have a much higher damping ratio than the composites with
MWCNTs.
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