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ABSTRACT: This research explores the interlayer effect,
hysteresis behavior, and dynamic antivibration properties of
a poly(propylene oxide)–poly(ethylene oxide) copolymer
with 20 wt % LiClO4 (PEL) for modified silicone [silicone/
polymer electrolyte (SP)] blends with clay and organoclay in
various amounts. The results show that the polymer chains
of PEL expand the clay gallery distance from 1.21 to 1.84 nm.
Clay, after it has been organically modified, is added to SP
blends, and its gallery spacing shortens from 2 to 1.7 nm.
From the compression hysteresis results, along with the
increased content of unmodified clay, the antivibration per-
formance of the blends is elevated. In the dynamic antivi-

bration testing results, along with the addition of clay and
organoclay, the dynamic ratio of the blends is decreased;
thus, in the vibration isolation performance, there is evi-
dence of an elevated effect. On the other hand, after the clay
is modified with ammonium salt, its vibration isolation ef-
fect is not better than that of the unmodified clay. In terms of
the formulation of the nanocomposites, when the concentra-
tion of the clay is less than 4 wt %, it has a better effect on the
vibration isolation and antivibration effect of SP blends. ©
2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 3713–3720, 2006
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INTRODUCTION

Polymers used as antivibration materials have been
widely used in, for example, machine, transportation,
and construction industries. Along with the develop-
ment of high technology, demands for antivibration
materials have been increasing rapidly, particularly
for aeronautics, precision instruments, and so forth.
Polymers exhibit uniquely high damping behavior in
their glass-transition zone because of the conversion of
mechanical vibrations into heat energy through fric-
tion between molecular chains and heat dissipation.1

However, this high damping property cannot be
maintained with a large variation of the temperature
or frequency. Thus, many studies have proposed
methods of increasing the damping of polymers in a
wide range of temperatures and frequencies,2–12 such
as blending, copolymerization, and interpenetrated
networks (IPNs). However, the polymer material’s in-
herent sustaining strength usually cannot satisfy the
antivibration structural design. Thus, in the earlier
studies of Kerwin,13 Ungar and Beranek,14 Weibo and
Fengchang,5 Oborn et al.,11 and Yamada et al.,12 a

sandwich structure of a polymer/steel laminate was
used to increase the stiffness of the polymer damping
material. Some research also used blended fillers5,15–17

and fibers18–22 in polymers to enhance their stiffness
and antivibration performance. The energy-loss mech-
anisms include friction between polymer chains, fric-
tion between polymers and fillers,1 and interactions
between polymer and fibers.

Silicone rubber can be used for extensive applica-
tions, and the visible characteristics of silicon rubber
include low glass-transition temperatures,23,24 high
impact resistance,25,26 thermal stability,27 high me-
chanical and chemical resistance, weatherproofing,
ozone resistance, and radiation resistance.28,29 It is
widely applied in various industrial products. The
application of polymer electrolytes is very broad, in-
cluding solid-state batteries, sensors, and display de-
vices.30–35 In this investigation, nanoclay was used,
and it contained layered silicates with the dimensions
of 100 � 100 � 1 nm3.36 Isomorphic substitution
within the layers generated negative charges that were
normally counterbalanced by cations residing in the
interlayer galleries space.37,38

In our previous research, the linear molecular struc-
ture of a liquid polymer electrolyte was entangled in
the silicone polymer network structure, forming a
semi-IPN and increasing the damping properties.39
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Also, we explored the curing behavior, intermolecular
interactions, and mechanical and thermal properties
of clay and organoclay in silicone/polymer electrolyte
(SP) blends; the liquid polymer electrolytes were able
to intercalate in the clay gallery.40

The main goal of this study was to evaluate the
effect of the incorporation of layered clay and organo-
clay into SP blends in forming intercalated nanocom-
posites via blending with random nanoscale sandwich
structure dampers having high stiffness and antivibra-
tion properties. In our experiments, the variation of
the basal plane spacing of clay and organoclay in the
SP blends was investigated with X-rays; hysteresis
phenomenon and dynamic property tests were con-
ducted to evaluate the antivibration performance and
vibration isolation of the polymer material to evaluate
the effect of the d-spacing of the nanoclay on the SP
blending system.

EXPERIMENTAL

Materials

The materials included liquid silicone (polydimethyl-
siloxane; model 9050), hydrogen-functional siloxane
oligomers (used as curing agents and manufactured
by Dow Corning), a poly(propylene oxide)–poly(eth-
ylene oxide) copolymer with 20 wt % LiClO4 (PEL;
used as a liquid polymer electrolyte and manufac-
tured by Japan Carlit, Tokyo, Japan), Na�-nontronite
(clay; model PK805; obtained from Pai Kong Nano-
technology Co., Ltd.), and hexadecyldimethylethyl
ammonium bromide (CTAB; purchased from Acros,
Somerville, NJ).

Preparation of the organoclay

n-Hexadecyltrimethyl ammonium bromide (4.2 g; in-
tercalative reagent) was dissolved in 250 mL of dis-
tilled water with vigorous stirring to form a uniformly
dispersed solution. Then, 5 g of Na�-nontronite was
added to the solution, which was stirred for 24 h,
filtered, and then washed three times with 400 mL of
hot water to remove NaBr. After being washed with
ethanol (250 mL) to remove residual ammonium salt,
the modified clay was dried in a vacuum oven at 80°C
for 24 h.

Preparation of the specimen

The sample for testing was mixed in the proportions
specified in Table I. It was produced by the mixing of
clay and organoclay in PEL, before stirring with sili-
cone, and then placed in a mold. The mold was main-
tained at 150°C for 200 min of curing. After cooling,
the test piece was removed from the mold and
trimmed to the proper size for testing.

X-ray measurements

Wide-angle X-ray diffraction experiments were con-
ducted on a Rigaku D/Max RC X-ray diffractometer
with Cu K� radiation (� � 1.5418 A) at 40 kV and 100
mA with a scanning rate of 2°/min.

Mechanical property measurements

The tensile strength and elongation at break were
measured with a universal tensile tester with a tension
velocity of 500 mm/min in compliance with the spec-
ifications of ASTM D 412C.

Determination of the compression stiffness (ks)

A material testing system (MTS-810) was used to test
ks of the test piece with dimensions of 40 � 0.5 mm
� 40 � 0.5 mm �12 � 0.5 mm under a deformation
range of 2 mm:39

ks � F/X (1)

where F is the compression force and X is the com-
pression displacement.

Determination of the compression hysteresis

The measurements were carried out with a materials
testing system (MTS-810) at a frequency of 1 Hz and
an amplitude of 2 mm. The loss of energy in each cycle
(�W) was calculated from the hysteresis loop, and the
damping constant (�) was calculated from �W as fol-
lows:41

�W � �K�X2 (2)

TABLE I
Compositions of the SP/Clay Nanocomposites (wt %)

Material Clay content (wt %) Organoclay content (wt %)

Silicone rubber 88.2 86.4 84.6 82.8 88.2 86.4 84.6 82.8
PEL 9.8 9.6 9.4 9.2 9.8 9.6 9.4 9.2
Clay 2 4 6 8 — — — —
Organoclay — — — — 2 4 6 8
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where K is the stiffness of the material and X is the
displacement (mm). The calculated � value was then
converted into the hysteresis damping curve. X is the
amplitude of the part in the ith cycle, Xi, Xi�0.5, and
Xi�1 represents the number of vibration wave (similar
to Figure 1):41

Xi

Xi�0.5
� �2 � ��

2 � ��
(3)

Xi�0.5

Xi�1
� �2 � ��

2 � ��
(4)

Testing methods for the dynamic properties of
vibration isolation

The SRIS 3503-199042 nonresonance testing method
was employed: the specimens were placed in a mate-
rial testing system (MTS-810) and subjected to vibra-
tions at a frequency of 1 Hz and an amplitude of 2
mm. Figure 2 presents a loading–amplitude graph
under a sine wave loading, with the horizontal axis
being the amplitude and the vertical axis being the
loading. The energy loss of the nanocomposites (�W)
is the area surrounded by the loading–amplitude
curve. W is the rectangle area, P is the load, P0 is the
half load, X is the amplitude, X0 is the half amplitude,
�k*� is the absolute resilience modulus, � is the phase
angle, k1 is the storage modulus, k2 is the loss modu-
lus, c is the damping coefficient, 	 is the angular

frequency, tan � (the damping or loss factor) is k2/k1,
and R is the dynamic ratio:42

�k*� � Po/Xo � BC/AB (5)

sin � � �2/�� 
 ��W/W� (6)

k1 � �k*�cos � (7)

k2 � �k*�sin � (8)

c � k2/	 (9)

tan � � k2/k1 (10)

R � �k*�/ks (11)

Figure 3 XRD patterns of silicone/clay and PEL/clay
nanocomposites.

Figure 4 XRD patterns of SP/clay nanocomposites con-
taining various clay concentrations (wt %).

Figure 1 Typical hysteresis damping curve.

Figure 2 State of a load–displacement curve.
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RESULTS AND DISCUSSION

Influence on the basal plane space of the SP/clay
nanocomposites

The surface of clay can attract positive ions,37,38 which
cause clay to be hydrophilic. Organic polymer chains,
mostly consisting of hydrocarbons, are hydrophobic.
Each polymer chains is so large that it cannot easily
enter the clay gallery from intercalated composites.43

Therefore, this experiment mainly used CTAB as the
surfactant, which had an ion exchange with the Na�

ions of the clay and produced ion bonds. The bulky
alkyl ammonium molecules formed larger interlayer
spacing. The modified clay was hydrophobic with a
lower surface energy and was more compatible with
organic polymers. The effect of the organic modifiers
on the intercalating behavior of the polymer could
also be confirmed from an XRD pattern. As expected,

the intercalation of the polymer chains further in-
creased the interlayer spacing of the clay over that of
the pure clay, shifting the diffraction peak toward
lower � values.

Cheng44 reported poly(ethylene oxide) (PEO)/clay
nanocomposites when the clay was not organically
modified. The basal interlayer spacing increased from
1.24 to 1.78 nm. Nevertheless, the diffraction peak was
not obviously shifted by a variation of the clay content
in the PEO/clay hybrid. When the clay was treated
organically in the PEO polymer with 2.9% organic
clay, the basal interlayer spacing increased. However,
the basal interlayer spacing appeared at higher clay
contents (�5.7%), and this diffraction peak shifted
toward a higher angle as the clay concentration in-
creased; this indicating a lower interlayer spacing be-
tween the silicate layers. This phenomenon can be
attributed to fewer polymer chains intercalating

Figure 5 Structure of the SP/clay nanocomposites.

Figure 6 XRD patterns of SP/organoclay nanocomposites
containing various organoclay concentrations (wt %).

Figure 7 Structure of the SP/organoclay nanocomposites.

Figure 8 Tensile strength of SP blends with various clay
and organically modified clay contents.
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within the clay galleries.44 Adding more hydrophilic
clay increased the hydrophilicity and reduced the
compatibility between the clay and the hydrophobic
polymer; this increased agglomeration among these
clay layers.44

Figure 3 presents the X-ray patterns of silicone/clay
and PEL/clay with broad diffraction peaks. The basal
spacing of the clay was 1.21 nm (2� � 7.3°). The
diffraction peak of the silicone/clay deviated from the
original 2� � 7.3° to a lower scattering angle location
of 2� � 6.2° and a PEL/clay scattering angle location
of 2� � 4.9. At this time, the interlayer spacing ex-
panded to 1.42 and 1.88 nm. This indicated that the
compatibility of PEL with clay was better than that of
the silicone.

Figure 4 presents the X-ray pattern of SP blends
with various clay contents with broad diffraction
peaks. After clay was mixed into an SP blend, the
diffraction peak deviated from the original 2� � 7.3° to
a lower scattering angle location of 2� � 4.8°. At this
time, the interlayer spacing expanded to 1.84 nm (Fig.
5), and this showed that the PEL polymer chains in-
tercalated within the clay galleries.

Figure 6 presents the X-ray patterns of SP blends
with various organoclay contents with broad diffrac-
tion peaks. The diffraction peak of the organoclay
deviated from the original 2� � 7.3° to a lower scat-
tering angle location of 2� � 4.4°. At this time, the
basal spacing expanded to 2 nm, and this showed that
CTAB and the sodium ions of the clay gallery had an
effective ion exchange, which successfully intercalated
into the galleries of the clay. Theoretically, the organo-
clay offered a greater chance for the PEL polymer to
enter clay gallery, expanding the gallery spacing and
evenly distributing itself among the PEL polymer
chains. However, the figure shows that the diffraction
peak of the organoclay, after it was initially mixed
with PEL and added to silicone, moved from the orig-
inal 2� � 4.4° to a higher scattering angle location of 2�
� 5.2°. At this time, the interlay spacing was 1.70 nm
(Fig. 7). This phenomenon can be attributed to the PEL
polymer chains, which caused CTAB of the clay gal-
leries to be squeezed out. Therefore, it reduced the
compatibility between the clay and the SP blends and

Figure 9 Elongation at break of SP blends with different
clay and organically modified clay contents.

Figure 10 Hysteresis loops of SP blends (the compression
loading was 55 kg, the frequency was 1 Hz, and the ampli-
tude was 2 mm).

Figure 11 �W (N m) of SP/clay hybrids containing various
clay and organoclay contents.

Figure 12 Hysteresis damping curves of SP blends.
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consequently hindered the entry of polymer chains
into the clay galleries and collapsed the originally
widened organoclay gallery spacing by 0.3 nm.40

Mechanical property analysis of SP/clay
nanocomposites

Figures 8 and 9 show the tensile strength and elonga-
tion at break curves of clay and organoclay with dif-
ferent contents with the addition of SP blends. The
tensile strength and elongation at break of the unmod-
ified clay with the addition of SP blends were better
than those of the SP/organoclay nanocomposite sys-
tem. Along with the increased content of clay and
organoclay (4–8 wt %), the tensile strength of the SP
blends was elevated, and the elongation characteris-
tics of the SP blends were maintained. Moreover,
when the organoclay concentration was less than 2 wt
%, the tensile strength was reduced. This phenomenon
could be seen in the previous X-ray experiment; the
ammonium salt was squeezed by the PEL polymer
and then absorbed in the clay layer surface, creating a
plastic effect and thereby causing the tensile strength
of the SP blends to decrease.40 When the concentration

of the organoclay was increased to 4–8 wt %, the
amount of absorbed ammonium salts was increased,
the interaction effect between the silicone and clay
was increased, and thus the tensile strength was in-
creased correspondingly.

Hysteresis of the SP/clay nanocomposites

Under alternating stress, hysteresis occurs when the
rate of deformation lags behind the rate of stress vari-
ation. In this case, because the energies absorbed and
released are not balanced in each cycle, the stretching
and recoil curves form a closed loop known as a
hysteresis loop. The area of the loop represents the
energy loss. For rubber materials, a larger hysteresis
loop means higher damping, which can reduce vibra-
tion.45

Figure 10 shows the hysteresis loop of SP under
compressive vibration at 20°C, 1 Hz, and an amplitude
of 2 mm. �W41 may be obtained from the hysteresis
loops. Figure 11 shows that the antivibration perfor-
mance of the SP blends was increased with an increase
in the clay content. When ammonium salts modified
the clay at a concentration of 4–8 wt %, the antivibra-
tion performance of the SP blends could not be in-
creased. Thus, ammonium salts affected the antivibra-
tion performance of the SP/organoclay nanocompos-
ites.

Polymer materials have viscous and elastic proper-
ties and hence exhibit hysteresis under the action of an
external force. The � values may be derived from the
area surrounded by hysteresis loops. According to the
theory of free vibration, the vibration isolation of ma-
terials can be evaluated from � and the hysteresis
damping characteristics.41

Figure 12 shows the vibration–damping curve of
the SP blends. The � values derived from the hyster-
esis loops are shown in Figure 13, which indicates the
� value of SP (10.441). With a higher � value and
hence greater viscosity factor, SP energy dissipated
faster at certain amplitudes and reached stability with
less vibration. With a 2–8 wt % concentration for the

Figure 13 � of SP/clay hybrids containing various clay and
organoclay contents.

TABLE II
Dynamic Properties of the Antivibration Performance of the SP/Clay Nanocomposites

SP

Clay content (wt %) Organoclay content (wt %)

2 4 6 8 2 4 6 8

�k*� 102.04 121.02 107.24 113.36 116.93 116.83 96.58 103.21 121.99
� 11.817 12.6 12.78 11.78 12.53 12.62 9.91 11.33 11.66
k1 100.28 118.65 105.08 111.43 114.67 114.54 95.41 101.57 119.94
k2 18.83 23.79 21.396 20.86 22.88 23.01 14.98 18.31 22.23
c 2.997 3.780 3.405 3.320 3.642 3.662 2.38 2.91 3.539
ks 55.835 40.228 54.884 55.189 38.226 48.249 55.046 57.896 58.695
tan � 0.188 0.20 0.204 0.187 0.200 0.201 0.157 0.180 0.185
R 3.655 3.008 1.954 2.054 3.059 2.422 1.755 1.783 2.078
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SP blend clay mixture, its � value was elevated to
10.712–11.118, and the SP/clay nanocomposites were
vibrated; the oscillation amplitude stopped the vibra-
tion after a short period. This shows that the clay is
beneficial to the vibration isolation performance of SP
blends. When ammonium salts modified the clay, at
organoclay concentrations greater than 2 wt %, the
vibration isolation performance of the SP blends could
not be increased. This shows that the presence of
excessive amounts of ammonium salts is detrimental
to the vibration isolation performance of SP/organo-
clay nanocomposites. These phenomena and Figure 11
show similar trends. Therefore, ammonium salts play
an important role in the design of materials in terms of
their vibration isolation and antivibration perfor-
mance.

Dynamic properties of the SP/clay nanocomposite
vibration isolation and antivibration

The relationship of R and tan � may be used to eval-
uate the antivibration and vibration isolation effects of
the rubber material. Table II depicts dynamic testing
results of SP supplemented with clay or organoclay
under a loading of 20 kg at 20°C, 1 Hz, and an ampli-
tude of 2 mm. With lower R, there is a better antivi-
bration effect; and a greater tan � value is favorable to
shock absorption. The relationship of R and tan � is
depicted in Figure 14. As for vibration isolation, SP
blends added to clay and organoclay can raise the
vibration isolation performance. Moreover, the vibra-
tion isolation effect of clay modified with ammonium
salts is not much better than that of unmodified clay.
Thus, the presence of ammonium salts is beneficial to
the vibration isolation performance of SP/organoclay

nanocomposites, and there is a trend in which with the
elevation of the vibration isolation effect, the antivi-
bration performance is lowered. As for the antivibra-
tion performance, the unmodified clay, below a con-
centration of 4 wt %, has a better effect on the antivi-
bration performance of SP blends. Moreover, below a
4–8 wt % concentration of the organoclay, because of
the influence of ammonium salts, the antivibration
nature of an SP blend cannot be raised. Figure 15
shows a damping coefficient curve line drawing of
different contents of the clay and organoclay with the
incorporation of SP blends. It shows a trend of the
antivibration performance of SP blends similar to that
of Figure 14. In terms of the formulation of the nano-
composites, a clay concentration of 4 wt % has a better

Figure 14 R and tan � of SP/clay hybrids with various clay and organoclay contents.

Figure 15 Damping coefficient of SP/clay hybrids contain-
ing various clay and organoclay contents.
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effect on the vibration isolation and antivibration per-
formance of the SP blends.

CONCLUSIONS

The X-ray results of SP blends with clay treated by
swelling agents show that the swelling agent in the
clay layers is squeezed out by PEL and adsorbed to the
clay surface, and the clay maintains its layered struc-
ture intact and scatters in the polymer to form inter-
layered nanocomposites. A compressive vibration
hysteresis study indicates that the area of the hyster-
esis loop increases with an increasing content of or-
ganically modified clay; that is, the antivibration per-
formance is better. In a relational curve of R and tan �,
the blends containing 6–10 wt % clay exhibit higher
tan � values and lower R values, which suggest that
the addition of clay gives the SP blends better antivi-
bration and vibration isolation effects.
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