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ABSTRACT: In this study, a new kind of damping com-
posite consisting of chlorobutyl rubber, poly(ethyl acry-
late), piezoelectric ceramic (PZT), and carbon black (CB)
was prepared, and some efforts were made to characterize
the damping behavior and explore the damping mecha-
nism. The damping behaviors of the composites were
mainly decided by the contents of CB and PZT. When an
external vibration was exerted on the composites, the me-
chanical energy of vibration was transformed into electric
energy by PZT; if the resistance was adjusted to a suitable
range by the variation of the CB content, the composites
could behave as semiconductors: the electric energy could

not be transferred to the surface of the material but rather
was dissipated as thermal energy. For this system, when
the contents of CB and PZT were between 10 and 30 vol
%, resBectively, the volume resistivity was between 10°
and 10°° Q cm, and a good damping performance could
be achieved. On the basis of the results, a theoretical
model is proposed to explain the damping performance of
the composites. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci
108: 3670-3676, 2008
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INTRODUCTION

The control of vibration and noise pollution has
become an urgent task in modern society. For this
purpose, developing a new style of damping mate-
rial and researching the damping mechanism are
strongly required. Currently, polymers are often
used as damping materials because of their visco-
elasticity, but they also have some disadvantages.
First of all, the damping range of homopolymers is
generally 20-30°C because of their narrow glass-tran-
sition region, which is not broad enough for practi-
cal applications. Second, damping materials derived
from polymers often exhibit a strong dependence on
the temperature or frequency, and they hardly keep
an even damping property in their functional area.
A lot of methods, such as polymer blends, interpene-
trating networks, and copolymers,'™ have been suc-
cessfully developed to broaden the effective damp-
ing range of polymers and to modify the depend-
ence of damping behaviors on the temperature and
frequency. However, there are few results yet that
can broaden the transition peaks and at the same
time retain a high loss factor. Recently, some studies
have been carried out on piezoelectric composite
materials®'® and on organic hybrids consisting of
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polymers and small molecules.">'* As far as organic
hybrids are concerned, the weakness of the intermo-
lecular hydrogen bond can easily lead to phase sepa-
ration during the application process, which limits
their usage in long-term service, whereas piezoelec-
tric composite materials do not have such a disad-
vantage.

Piezoelectric ceramic (PZT) is a kind of material
that has the ability to transform vibration and noise
into electric energy. If PZT is pressed or pulled in a
specific direction, a positive electrical charge or a
negative one, respectively, will appear on the surfa-
ces, and the electrical charge density has a propor-
tional relationship with the stress intensity; this is
called the piezoelectric effect. However, the hard
and crisp properties of PZT limit its applications.
Fortunately, Newnham et al.'® in 1978 put forward a
novel idea for a piezoelectric composite. According
to the approach, PZT and flexible polymers are
mixed with each other by certain combination meth-
ods to obtain a piezoelectric composite with a certain
mass ratio and a certain space distribution to take
advantage of the two kinds of materials, which com-
pensate each other and have good synthesis proper-
ties. As a new kind of damping material, a piezo-
electric composite overcomes the weakness that
properties of polymers heavily depend on the tem-
perature and frequency and avoids the disadvantage
that PZT is hard, frail, and not easily processed, pre-
serving the advantages of the two materials.



CIIR/PEA/PZT/CB COMPOSITES

Research on the relation between the damping prop-
erty and electric resistance shows that a certain
matched electric resistance is necessary for a piezo-
electric composite to have a high damping prop-
erty.16 Therefore, it is possible to control the damp-
ing property of piezoelectric composites by changes
in the quantity of carbon black (CB)."”'®

In our previous study,' poly(ethyl acrylate) (PEA)
was used to successfully broaden the effective damp-
ing region of chlorobutyl rubber (CIIR) to the room-
temperature region, but it was found that the loss fac-
tor of CIIR/PEA blends was not high enough and,
moreover, its dependence on temperature (or fre-
quency) was not completely overcome either. In this
work, to enhance the damping property of CIIR/PEA
blends, PZT and CB were added to prepare CIIR/
PEA/PZT/CB composites, and the effect of the PZT
and CB contents on the damping property of piezo-
electric composites was studied intensively.

EXPERIMENTAL
Materials and preparation

CIIR (Exxon 1068), with a Mooney viscosity and
chlorination concentration of ML 4 (125°C) = 45-55
and 1.1-1.3 wt %, respectively, was produced by
U.S. Exxon Co. (Supplied by Exxonmobil Chemical
Services Co., Ltd., Shanghai, China) PZT was sup-
plied by Shandong Guoteng Functional Ceramic Co.,
Ltd. (Dongying, Shandong, China). PEA was synthe-
sized by emulsion polymerization with a K;5,0¢—
FeSO, redox initiator system at a temperature of 25
+ 2°C. When the reaction was finished, PEA was
obtained by the breaking of the emulsion, coacerva-
tion, and drying. Phenol-formaldehyde resin
(PR201), which was used as the cocuring agent of
CIIR and PEA, was offered by Chongqing Resin
Plant of China (Chongging, China). Other chemicals,
such as ZnO, MgO, CB, and stearic acid, were com-
mercially available.

PZT with alcohol was lapped in a ball mill to be
shattered for 48 h and then was cooled and kept at
room temperature for 24 h. After most of the alcohol
spontaneously vaporized, PZT was sieved through a
net of 400 eyes, and this was followed by vacuum
drying. PEA was blended with CIIR in a ratio of 30/
70 (wt %) by a twin-roll mill for 20 min at 160°C.
After cooling, PZT, CB, PR201, and other accelerating
agents were added at room temperature. The resulting
blends were then vulcanized at 160°C under a pres-
sure of 10 MPa for 20 min. The vulcanized sheets
were directly cut into certain pieces for the analysis.

Electric resistance test

For the high-electric-resistance sample, the electric
resistance was measured with a model ZC36 megger
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(Shanghai Precise Scientific Instrument Co., Shang-
hai, China). For the low-electric-resistance sample,
the four-electrode test method was adopted accord-
ing to the American National Test Standards.

Vibration analysis

The vibration performance of the composites was an-
alyzed with a model 3652 dynamic signal analyzer
(Hewlett—Packard Co., USA) as follows:

1. The vulcanized sheets were cut into 60 X 50 X
3 mm® samples, which were then fixed at one
end to an iron stand, and the fixed-frequency
knock was exerted through the running of an
electric engine. Through a sensor on the
dynamic signal analyzer, the vibration decay
time of the composites was recorded after the
removal of the external force.

2. The vulcanized sheets were cut into 60 X 16 X
3 mm® samples. Both ends of the samples were
fixed on self-made tongs, and a cork ball with a
radius of 5 mm was allowed to fall freely from
1 m high down to the middle of the samples;
then, the vibration decay time of the samples
was measured by a sensor after the cork ball
was removed.

RESULTS AND DISCUSSION

Influence of PZT on the damping property of the
composites

The piezoelectric composite is a new kind of damp-
ing material, whose damping function mainly origi-
nates from three parts: the viscoelastic damping of
the polymer (a), the friction damping between the
polymer and fillers or fillers themselves (B), and the
piezoelectric damping of PZT (). As for v, there are
two steps of the energy dissipation process, which
are shown as follows:

Mechanical energy "% Blectric energy

Power—wasting unit
—————— Thermal energy

Therefore, the damping property of piezoelectric
composites initially depends on the conversion
between the mechanical energy and electric energy.
Figures 1 and 2 show the vibration attenuation of
the composites with PZT contents of 0 and 30 vol %,
respectively, under the condition of the cork ball
bumping. From a comparison of Figures 1 and 2, it
is evident that with the 10 vol % content of CB
unchanged, the vibration attenuation time of the
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Figure 1 Attenuation time of the sample with 10 vol %
CB and without PZT.

sample with 30 vol % PZT was shorter than that of
the other sample without PZT. Therefore, adding the
proper amount of PZT can decrease the vibration
attenuation time and improve the damping property
of piezoelectric composites.

Figures 3 and 4 show the influence of the PZT
content on the attenuation time of the composites
knocked at a certain frequency and with a cork ball,
respectively. It can be observed in both Figures 3
and 4 that with increasing PZT, the attenuation time
of the composites shows a trend of descending ini-
tially but rising subsequently and exhibits a mini-
mum at a PZT content of 30 vol %. The reason can
be expressed as follows: as the content of PZT
increases, PZT and CB will match better and better,
and vy and B rise, although « decreases, and Aa is
smaller than AR + Avy. Consequently, the integrated
damping (o + B + vy) goes up, and at the point of
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Figure 2 Attenuation time of the sample with 10 vol %
CB and 30 vol % PZT.
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Figure 3 Influence of the PZT content on the damping
time of composites with 10 vol % CB under a knocking
frequency of 50 Hz.

30 vol % PZT, the piezoelectric composite attains the
highest value. With the content of PZT further grow-
ing, B keeps on going up; however, because the con-
tent of CB is constant, the increase of vy is limited,
whereas a descends much at the same time. In other
words, Aa is much bigger than AB + Ay. As a result,
a + B + vy drops, whereas the attenuation time
increases. On the other hand, too much PZT will
result in excessive cost (because of its high price)
and a reduction of the mechanical properties of pie-
zoelectric composites because the material becomes
too hard and crisp. Therefore, 30 vol % PZT is very
condign.

In addition, the PZT particles also have a certain
influence on the volume resistivity of the composites,
as shown in Figure 5. Under the same condition
of 10 vol % CB, with an increase in PZT, the volume
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Figure 4 Influence of the PZT content on the damping
time of composites with 10 vol % CB during knocking
with a cork ball.
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Figure 5 Change of the volume resistivity (R,) of piezo-
electric composites with the PZT content varying from 0 to
60 vol % and with CB remaining at 10 vol %.

resistivity of the composites goes down. However,
the trend of the volume resistivity, which decreases
lentamente with increasing PZT, is different from
that with increasing CB (as shown later in Fig. 10).
This is because PZT is a kind of semiconductor, and
its conduction property is better than that of a rub-
ber matrix but poorer than that of CB.

Influence of CB on the damping property of the
composites

As mentioned previously, the second step of energy
dissipation in the piezoelectric composite is the elec-
tric energy/thermal energy conversion, for which
CB, as a primary electric filler in the composite
whose dosage is directly related to the conductivity
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Figure 6 Attenuation time of a sample with 40 vol %
PZT and without CB.
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Figure 7 Attenuation time of a sample with 40 vol %
PZT and 15 vol % CB.

and conversion of electric power, is one of the most
important factors that affect the damping property.
Figures 6 and 7 show the vibration attenuation of
the composites with CB contents of 0 and 15 vol %,
respectively, under the condition of the cork ball
bumping. From a comparison of Figures 6 and 7, it
can be seen that with 40 vol % PZT kept constant,
the vibration attenuation time of the sample with 15
vol % CB is evidently shorter than that of the sample
without CB. Therefore, it is clear that adding an
opportune content of CB can decrease the vibration
attenuation time of the piezoelectric composite and
improve its damping property. Figures 8 and 9 indi-
cate the influence of the CB content on the attenua-
tion time of the samples knocked with a certain fre-
quency or a cork ball. With increasing CB, the
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Figure 8 Influence of the CB content on the attenuation
time of composites with 40 vol % PZT under a knocking
frequency of 50 Hz.
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Figure 9 Influence of the CB content on the attenuation
time of composites with 40 vol % PZT during knocking
with a cork ball.

attenuation time decreases first but rises afterward,
and a minimum valley around 10 vol % CB can be
observed. When the CB and PZT particles are mixed
together in the matrix, they are made of small loops;
only when the volume resistivity of the composite is
appropriate can every small loop become a power-
wasting unit, and so it can function as the conver-
sion unit from electric energy to thermal energy.
Therefore, for these systems, with 10 vol % CB, CB
and PZT particles get in touch with each other and
form conducting electric networks with appropriate
electric resistance, by which the electric energy can
be converted to thermal energy.

To understand the effect of the CB content on the
attenuation time of piezoelectric composites, the rela-
tion between the CB content and electrical resistivity
has been investigated, as shown in Figure 10. It is
obvious that the electrical resistivity displays a
declining trend with increasing CB. At the begin-
ning, because the content of CB is small, its particles
are scattered in the composite, and the electric net-
work does not form yet; thus, the piezoelectric com-
posite is in the situation of an opening circuit, and
the volume resistivity is relatively high and shows a
slight decrement with increasing CB loading. When
the CB content goes up to 5 vol %, the volume resis-
tivity decreases slowly; at a certain time when CB
reaches one certain critical density (10 vol % or so),
fillers form electric networks at the moment, and the
mass resistivity goes down rapidly. When the con-
tent of CB varies from 5 to 15 vol %, filler particles
come into contact with one another, and they induce
the galvanic circle ultimately. Beyond 15 vol % CB,
although the density of electric networks becomes

Journal of Applied Polymer Science DOI 10.1002/app
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bigger, a further increase in CB can raise the conduc-
tivity only slightly for it exceeds the threshold.
Therefore, the electric resistivity can be controlled
through changes in the volume content of CB, which
is a valid method to raise the power-wasting ability
and the damping property.

If R denotes the electric resistance of the compos-
ite, C denotes the capacitance of PZT, and o denotes
the vibration frequency, then R = 1/wC is the best
matching condition for the composite. Connecting
Figures 8-10, we can see that when the content of
the CB is between 5 and 15 vol %, the vibration
attenuation time is shorter. Under this circumstance,
the value of the logarithm of the volume resistivity
is 2.5-9.5, so the matching mass resistivity of the
composite is 10>°~10°> Q cm. This scope, including
the critical point of varying mass resistivity, is the
most changeful district.

Theoretical model for the piezoelectric composites

To gain insight into the damping mechanism of pie-
zoelectric composites, a theoretical model is brought
forward according to the experimental results. As
the scheme of Figure 11 shows, when a sample is
subjected to fixed-frequency knock, the combination
damping property (¢ + B + <) of the material
climbs up to a maximum but slides down along
with CB increasing.

If a composite does not contain CB, only a and a
small amount of B contribute to the damping func-
tion (from PZT, ZnO, etc.). PZT in the composite can
transform mechanical energy into electric power but

open circuit short circuit
: :
0] ® i loop circuit :
5+ :\
A S
= : :
2 g : :
=] ! :
& | !
& A :
Lo 1 ]
................. -

) ;

“\-\.

0 T T 1' T T T T T T T

a 5 10 15 n 25 30

CBwvol%

Figure 10 Change of the volume resistivity (R,) of piezo-
electric composites with the CB content varying from 0 to
30 vol % and with PZT remaining at 40 vol %.
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Figure 11 Schematic representation of the effect of CB on
the volume resistivity and damping performance of the
composites.

cannot implement the conversion between electric
power and heat energy because it lacks the function
of a conductive body; consequently, the system has
no y. When the CB density is lower than 5 vol %,
the matrix and fillers cannot contact each other well,
and this leads to its poor conductance, as shown in
Figure 12(a). Under this circumstance, the piezoelec-
tric composite behaves like an open circuit, so electric
energy also cannot be transported into the matrix and
thus cannot be converted into the thermal energy
well; as a result, it can be saved only in the PZT par-
ticles, which obstruct the conversion between electric
energy and thermal energy. Hence, as the CB content
varies from 0 to 5 vol %, o goes down gradually, B
goes up, and <y can be neglected. As a result, an
increasing trend of a + B + vy can be observed.

As CB rises above 5 vol %, the filler particles grad-
ually get in touch with each other, leading to the for-
mation of the electric networks, as shown in Figure
12(b). Like metallic networks, these electric networks
run through the whole polymer matrix and become
electric routes to conduct electric energy. At the
same time, because of the large electric resistance of
the material, the energy cannot be conducted to the
surface directly but rather is converted to thermal

[9d

(a) (b} {c)

Figure 12 Schematic representations of the circuit models:
(a) open circuit, (b) loop circuit, and (c) short circuit.
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energy in the composite. Thus, a and B show the
same tendency as the former stage, but vy is greatly
enhanced.

With a further increase in CB, filler particles come
into intimate contact with one another, and the elec-
tric network becomes more and more compact, as
shown in Figure 12(c); this makes the electric resist-
ance of the composite become smaller and smaller.
Therefore, a short circuit in the piezoelectric compos-
ite gradually is formed (>15 vol % CB), which can
conduct electric energy to the composite surface
quickly, it being equal to connect the ground, at
which the electric energy cannot be converted into
the thermal energy; as a result, y decreases greatly.
At the same time, o goes down and  goes up. As a
result, @ + B + v is depressed from the maximum.

In a word, by the variation of the CB content, the
composite can transform from an open circuit to a
loop circuit to a short circuit; and within the scope
of the loop circuit, the piezoelectric composite can
carry out the conversion of mechanical energy to
electric energy to thermal energy.

CONCLUSIONS

In this work (for purpose of damping applications),
CIIR/PEA/PZT/CB composites were prepared. The
results from research on the properties of the com-
posites show that the damping behavior of the com-
posites strongly depends on the contents of CB and
PZT, and when the contents of CB and PZT are
between 10 and 30 vol %, the volume resistivity of
the materials is between 10° and 10°° Q ¢m, and a
good damping performance can be achieved. There-
fore, by the adjustment of the electrical resistance to
a suitable range by the variation of the CB content,
the composites can behave as semiconductors, in
which the electric energy is not transferred to the
surface of the material but rather is dissipated as
thermal energy. According to the results, a theoreti-
cal model based on an open circuit to a loop circuit
to a short circuit has been proposed to explain the
damping performance of the composites.
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