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a b s t r a c t

A Lead Zirconate-Titanate (PZT)/poly-dimethylsiloxane (PDMS) based flexible composite is synthesized
and investigated for its potential in significantly enhancing the vibration damping capability along with
its tunable properties. Rheologically and functionally different PZT/PDMS composites are prepared by dis-
persing different volume fractions of piezoelectric soft/hard PZT and Fe particles in a cross-linked PDMS
matrix. It is observed that passive damping increases with increase in the soft PZT volume fraction from 0
to 0.32. This effect becomes more prominent after poling the composite at optimum conditions. The loss
factor depends on the viscoelastic properties of the PDMS, homo and hetero-particle connectivity in the
composite, and polarization and localization of the PZT particles in composite. Rheological analysis of the
composite shows that the material loss factor (tand) increases linearly from �0.3 to 0.75 along with a
broadening of the peak when the PZT volume fraction is increased from 0 to 0.32. Maximum structural
damping (g) is obtained at 0.32 (V/V) of the soft-PZT as measured by the Oberst beam technique. This
effect becomes more pronounced after a poling treatment. The X-ray diffraction results indicate that
the dispersed PZT particles in PDMS matrix have the lattice parameters of a = 5.84 Å, c = 14.41 Å and
(001) orientation. Further, after poling treatment, the dielectric constant and the piezoelectric coefficient
(d33) for soft (submicron) PZT filler particles in PDMS matrix tend to be higher than those for hard PZT.
The soft PZT/PDMS composite shows better performance as a damper than the hard, PZT composite.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The technological and environmental trends of the past few
decades indicate that the damping of mechanical vibrations is
becoming increasingly important for energy efficient systems.
Vibrations not only result in the fatigue and failure of engineering
systems, but also generate noise pollution. Furthermore, vibrations
control in dynamic components of a mechanical system is of great
importance to reduce heat losses and wear and tear of the compo-
nents. Thus, much effort has been expended in developing new
damping materials to produce efficient structural damping [1–5].
Lead Zirconate Titanate (PZT) is a compound of Lead Zirconate
and Lead Titanate with molecular formula Pb[Zr1�xTix]O3. It is
known for its excellent piezoelectric properties, high Curie temper-
ature, spontaneous polarization and high electromechanical cou-
pling coefficient. Thus, it is widely used commercially for
acoustic and vibration damping applications [6]. However, low
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flexibility, high fragility and brittleness of PZT make it difficult to
be applied as a damping layer over complex curved surfaces and
limit its use in broad-band vibration control. Hence, piezoelec-
tric–polymer composite materials are being studied as an alterna-
tive material for damping. The composite is readily tailorable,
exhibits damping behavior of viscoelastic materials, high loss fac-
tor, broad distribution of relaxation time [6,7] and specialized
damping mechanism based on energy conversion [8]. In these sys-
tems, the mechanical vibration energy of viscoelastic polymer ma-
trix is first transmitted to the embedded piezoelectric ceramic
powder particles and then gets converted into electrical energy
by the piezoelectric effect. This electrical energy is transmitted fur-
ther through the network of electro-conductive particles inside the
viscoelastic matrix [8,9]. Furthermore, adding an electrical net-
work with piezoelectric–polymer composite (shunting) modifies
its electrical and mechanical impedance and thus, leads to addi-
tional mechanical damping analogous to viscoelastic materials
[10]. PZT–Polymer composites have attracted much attention as
they have higher strength-to-weight and stiffness-to-weight ratio
[11]. Efforts have been made to develop PZT–polymer composites
by two methods: (a) dispersion of PZT particles in polymer matrix,
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Fig. 1. Schematic of PZT (soft/hard/Fe filler) + PDMS composite synthesis process.
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and (b) lamellar PZT–polymer structures [7]. Each of these meth-
ods has its own advantages and disadvantages. The dispersion of
PZT in polymer matrix offers a synergy of PZT and polymeric prop-
erties as the polymer phase reduces the density of the composite
but increases its flexibility, which is favorable for mechanical
damping. The amalgamation of a small fraction of piezoelectric
ceramics and polymers result in soft composites with limited pie-
zoelectric properties. Moreover, the inter-connectivity of piezo-
electric particles is poor and hence, such composites show weak
piezoelectric effect. However, heat generation at the PZT polymer
interface because of friction between these two phases increases
the passive damping at the cost of mechanical energy. Presently,
the relationship between electric polarization and orientation of
ceramic particles in the polymer matrix is an intriguing issue
[12]. Also, only a few polymers like Polyvinylidenefluoride (PVDF)
possess the required dielectric constant and dielectric strength to
permeate the electric field necessary for the poling of PZT particles
without dielectric breakdown and facilitate active vibration damp-
ing in these composites [13]. Using a lamellar PZT–polymer struc-
tures ensures connectivity of the peizoeletric phase in 2-d plane,
however these composites exhibit limited flexibility due to the
stiffness of the PZT layers and thus, in general, cannot be used
for damping of vibration for curved body surfaces. In addition, very
small PZT–polymer interface of the laminate (as compared to dis-
persion of PZT particles in polymer matrix) reduces the passive
damping properties of this composite [11]. There are a few studies
on the lamellar Polydimethylsiloxane (PDMS)–PZT composites for
damping applications [14]. In the last few years, a great deal of ef-
fort has been devoted to the development of ceramic–polymer
composites by various researchers. Newham et al. [15] succeeded
in preparing a composite of PZT silicone rubber and PZT–epoxy
by the coral replamine process. Shrout et al. [16] investigated a
composite of the same material prepared by the burned-out plastic
sphere (BURPS) technique. Safari et al. [17] prepared a composite
by arranging PZT spheres in a close-packed monolayer in a flat
plastic container and pouring polymer over the spheres. More re-
cently, Furukawa et al. [18] studied the piezoelectric properties
for the composite system of PZT ceramics and polymers such as
polyvinylidene fluoride (PVDF), polyethylene (PE) and polyvinyl
alcohol (PVA). Ahmad et al. [3] presented the quantitative analysis
of relative permittivity, dielectric loss factor, piezoelectric charge
coefficient and Young’s modulus of PZT/PVDF diphasic ceramic–
polymer composite as a function of volume fraction of PZT in dif-
ferent compositions. However, to our knowledge in none of these
studies the viscoelastic properties of the polymer were varied sys-
tematically and its effect on the damping properties of the compos-
ite is reported. Taking these issues into consideration, the
composites were prepared by the dispersion of soft/hard-PZT and
Fe particles in PDMS matrix. The mechanical damping, rheological,
crystalline and piezoelectric properties before and after poling
were studied. PDMS is known for its good thermal and oxidation
stability, water resistance, chain flexibility and sound absorption
capacity. Most importantly, one can easily control its viscoelastic
properties by changing the crosslinking percentage and still retain
its flexibility and binding properties [19]. The viscous properties of
PDMS are especially useful for passive damping of mechanical
vibrations. Use of viscoelastic materials in passive damping mech-
anism has proven to be a reliable method towards improved struc-
tural dynamics. Therefore, the viscoelasticity of PDMS and
piezoelectricity of PZT in a composite system may be considered
as a prospective candidate for flexible damping layer. Until now,
no report has been available on the rheological analysis of a com-
posite containing piezoelectric material. Rheology may prove to be
a very useful tool as it provides direct insight into the damping
properties of the composite such as material loss factor, loss and
storage shear moduli. The higher the viscous modulus and material
loss factor of a material, the better is the damping capacity of the
material [20]. One can easily detect the frequency response of
the material loss factor, which otherwise is a difficult task for com-
posites. Similarly, the domains of soft and hard PZT fillers dis-
persed in the PDMS matrix, switching with the domain wall
motion, markedly affects the dielectric and piezoelectric properties
[21]. The piezoelectric constant (d33) is computed by d33-meter
based on the direct effect. The d33 meter applies a periodic weak
stress to the sample and detects an induced polarization. However,
the origin of variation in dielectric constant and piezoelectric prop-
erty for PZT–PDMS composite system has not been well estab-
lished till date [22]. Moreover, the ceramic/polymer composites
with varying ceramic content under optimum conditions have
not been investigated extensively.

With this perspective, in the present work, soft PZT, hard PZT
and ferrous particles are dispersed in the PDMS matrix and the rhe-
ological properties, damping behavior and structural loss factor are
studied by using the Rheometer and the conventional Oberst beam
technique respectively. Subsequently, the effect of poling on piezo-
electric ceramic–polymer composite is investigated. The effect on
the crystalline character of composite and the shape and size of
particles before and after poling treatment are investigated by
X-ray and FESEM analysis. The dielectric constant and the piezo-
electric coefficient of the composite are computed by impedance
analyzer and d-m respectively with soft PZT filler particles.
2. Materials and methods

2.1. Sample preparation

Soft PZT powder (donor doped lanthanides of grain size <1 lm
and higher coupling factor), purchased from M/S Concord Electr-
oceramic Ltd., New Delhi, India was mixed with Sylgard-184 (a
two-part PDMS elastomer, Dow Chemicals, USA) to prepare
PDMS–PZT thick films. Addition of 5% crosslinking agent to the
mixture followed by thermal curing at 120 �C for 24 h resulted in
the crosslinking of PDMS chains. The paste was vigorously hand
mixed in a beaker for nearly 15 min followed by ultrasonication
in a water bath for 5 min. The bubbles formed during mixing were
removed by desiccating the mixture for 15 min under vacuum.
Then the sol of PDMS–PZT composite was cast in between two sil-
anized [9] glass plates prior to thermal curing as shown in the
schematic of Fig. 1. The thickness of the composite film was kept
constant at 1 mm using a spacer for all the samples. The volume
fraction of the PZT was varied from 0 to 0.32. For comparing the
significance of piezoelectric effect with passive mechanical



Table 1
Weight and corresponding volume percentage of various filler particles added to the
PDMS matrix.

Powder (Wt.%) PZT [S] volume (%) PZT [H] volume (%) Fe volume (%)

0 0 – –
5 1 –
20 3 – –
50 12 – –
70 22 22 22
75 28 28 28
80 32 32 32

Fig. 2. Experimental setup used for the measurement of structural damping
properties of PZT–PDMS composites.
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damping, two other materials (purchased from M/S Concord
Electroceramic Ltd, New Delhi, India): (i) hard PZT (acceptor dop-
ing of iron manganese with grain size <1 lm) and lower coupling
coefficient) and (ii) iron (metal) powder (Loba Chemie), of equal
density (1.7 kg/m3) were dispersed in PDMS separately as shown
in the schematic Fig. 1. Table 1 shows weight and the correspond-
ing volume percentage of the filler particles used to prepare the
composites.

2.2. Characterization of the PZT–PDMS composites

Viscoelastic properties and material loss factor of the compos-
ites (20 mm dia discs) were measured by the parallel plate method
(Bohlin Rheometer, UK) in the frequency range of 0.1 to a maxi-
mum of 100 Hz, wherever possible, at initial strain and stress of
2% and 50 Pa respectively. For the vibration damping tests (Oberst
beam configuration) [8], a steel beam of dimensions 50 � 2.5 �
0.1 cm was used as a cantilever base beam for bonding the PZT–
PDMS composite sample. A sample of dimensions 5 � 2.5 �
0.13 cm was bonded at a distance of 40 mm from the fixed end of
the cantilever beam using a very thin layer of insulating double-
sided adhesive tape. To record the amplitude of tip vibration, a laser
beam was focused near the free end of the beam and the vertical dis-
placement of the sensing point was recorded using a laser sensor
(Epsilon OPTO NCDT-1401). The free end of the cantilever beam
was deflected by an initial displacement of 5 mm and left free to
oscillate. The damping behavior of the beam with and without
damping layer was analyzed. The over all loss factor for the uncon-
strained damping treatment is given by the following formulation.

g ¼ ðgEÞ2e2h2ð3þ 6h2 þ 4h2
2Þ=½1þ e2h2ð3þ 6h2 þ 4h2

2�;
where;
ðgEÞ2 ¼ loss-factor of the visco-elastic material
e2 ¼ ratio of the storage modulus
h2 ¼ ratio of the thickness of the visco-elastic layer

to the elastic layer

ð1Þ

The overall loss-factor is measured by measuring the structural
loss-factor from the frequency response of the systems and using
the relationship that at resonance:

g ¼ 21
where; 1 is the damping ratio:

ð2Þ

By knowing, the over-all loss factor and all the other parameters
of the above equation, we can obtain the loss-factor of the visco-
elastic material.

For structural loss factor measurements, two opposite surfaces
of the PZT–PDMS composite film were coated with aluminum
using thermal evaporation. Then the samples were pasted on the
FRP beam using double side adhesive copper tape and then the
two electroded surfaces were connected to an external shunting
circuit as shown in the Fig. 2. To record the output waveform a
oscilloscope was used. Moreover, the free end of the cantilever
was deflected through a predetermined distance of 5 mm and left
free to oscillate.

Furthermore, for the active damping analysis maximum loss
was calculated by attaching the electroded surface of the sample
to an external shunting LCR circuit. The resistance of the LCR circuit
was varied to obtain a maximum resonance between the LCR cir-
cuit frequency with internal charge generation frequency of the
PZT–PDMS composite system. The adhesive tape of the material
under test is another source of error. A sample was bonded from
the fixed end of the cantilever beam using a very thin layer of insu-
lating double-sided adhesive epoxy glue tape. Particularly, it was
being kept to a minimum thickness as recommended in the ASTM
E756 standard. To record the amplitude of the beam, a laser beam
was incident at the free end of the beam and its output waveform
was recorded using sensor. The complex modulus was computed at
the temperature of 25 �C. The experimental arrangement used for
corona poling is shown in Fig. 3. In this technique, a high voltage
DC field is applied between the Platinum electrode of the sharp
tip and the PZT–PDMS composite sample. The Pt electrode acts
as corona field intensifier, causing an ionization of surrounding
gas molecules. ITO serves as one of the bottom electrodes. One sur-
face of the sample to be poled is electroded and placed on a
grounded metal plate. The charge from the tip is then sprayed onto
the non-electroded surface. An optimal electric field of 1.6 � 105 V/
cm is applied to the composite system at an elevated temperature
of 90 �C to align the dispersed submicron filler particles. So that the
effective field experienced by the filler particles is enough to align
their magnetic domains. XRD spectra of soft/hard PZT/Fe filler dis-
persed in PDMS matrix before and after poling were taken on a
PANalytical X’Pert PRO diffractometer to determine the orientation
and shape of PZT particles, operating in the h–2h Bragg configura-
tion using Cu Ka (k = 1.5405 Å) radiation. Data were collected at a
scan rate of 0.02 s�1 and sampling interval of 0.0197�. The voltage
was set at 45 kV with a 44 mA flux. FESEM images and atomic per-
centage composition of piezoelectric ceramic polymer composite
were captured using a Carl Zeiss Supra 40 at 10 kV and Oxford
EDAX for 50 s. The piezoelectric constants (d33) and dielectric con-
stant of soft/hard PZT–PDMS composites were computed by the
Sensor 0643 Piezo-d Meter, (Sensor Technology Limited) and LCR
meter (QuadTech 1693, Bolton, MA). It is very important to apply
uniform stress to the sample due to the elastic behavior of PZT–
PDMS composite. A house-fabricated half-sphere aluminum pillow
was utilized during measurement to prevent the generation of
stress gradient in the sample surfaces. The piezoelectric constant
d33 was determined from the electric displacement calculated



Fig. 3. Corona poling setup for soft/hard PZT filler dispersed in PDMS matrix for piezoelectric polymer composite.
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through the polarization and the stress applied to the specimen.
The piezoelectric constant was evaluated at the fixed resonance
frequency of 200 Hz in this study.
3. Results and discussion

3.1. Material loss factor

The continuity of the two phases in a dispersion composite is
denoted by (a–b) where a = 0, 1, 2 and 3 indicates the connectivity
of the dispersed particles with each other in 0 (isolated particles),
one, two or three dimensions respectively, and as the second phase
is generally continuous, b = 3. All the PZT–PDMS composites used
for the present study are of type 0–3, as the volume fractions of
PZT in PDMS matrix are varied from 0 to 0.32. Fig. 4 shows the stor-
age shear modulus (G0) in the natural logarithmic scale curve as a
function of frequency for each of the PZT loading fraction. Since
the elastic modulus of PZT (Epzt) is much higher in comparison
to Epoly, it is observed that the elastic modulus (G0) increases from
0.1 to 0.6 MPa with increase in PZT loading from 0 to 0.32 volume
fraction. For 0.32 PZT volume fraction the G0 curves show a broad
Fig. 4. Plot of storage modulus (G0) vs. frequency of PZT–PDMS composites for PZT
loading percentage of 0–32%.
peak around 30 Hz. In case of lower volume fraction of PZT, G0 is al-
most independent of the frequency. In contrast, as seen from Fig. 5,
the shear viscous (loss) modulus (G00) curves in the natural loga-
rithmic scale peak at 30 Hz for 0% PZT. In case of higher PZT frac-
tion G00 increases by almost one order in magnitude along with a
substantial increase in the width of the curve. Law et al. [8] studied
the damping properties of 1–3, 2–3, 3–3 (parallel model) as well as
0–1, 0–2 and 0–3 (series model) composites, theoretically and
experimentally. They have shown that the modulus ratio of the
polymer (Epoly) to PZT particles (Epzt) plays an important role in
the damping mechanism. They have also shown that piezo-damp-
ing in a series-composite is almost negligible for modulus ratio less
than 0.1, even for PZT fraction as high as 0.5. Therefore, most of the
series composites are useless in terms of piezo-damping. Here, we
use a soft PZT–polymer combination such that its modulus ratio is
very low (Epoly/Epzt ffi 0.001). Similarly, in an independent work,
rather than the piezoelectric effect, the higher density of PZT is
found to be beneficial for increasing passive damping of the com-
posite [23]. Therefore, the increase in loss factor of the PZT–PDMS
composites studied here can be predominantly due to the viscous
Fig. 5. Plot of loss modulus (G00) vs. frequency of PZT–PDMS composites for PZT
loading percentage of 0–32%.



Fig. 6. Plot of material loss factor (tand) vs. frequency of PZT–PDMS composites for
PZT loading percentage of 0–32%.

Fig. 7. Storage (G0) and loss (G00) modulus and material loss factor (tand) of the hard
PZT–PDMS composites as a function of frequency.
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dissipation of energy in the form of passive damping, even though
piezoelectric particles are dispersed in the matrix. The material
loss factor (tand) vs. frequency curves as function of PZT volume
fraction are shown in Fig. 6. As opposed to G0 and G00 plots, tand
curves show maxima for every PZT fraction. However, most impor-
tantly, as PZT fraction in the composite increases, not only does the
magnitude of tand increase up to a maxima of 0.8 for 32% soft PZT
volume, but the peak also broadens. This can be quantitatively ex-
pressed in terms of inverse quality factor, Q�1, which is the mea-
sure of peak broadness and is equivalent to loss factor g [24]. As
will be discussed later, g increases linearly from 0.003 to 0.0038
with increase in soft PZT volume fraction from 0 to 0.22 and then,
abruptly increases to �0.007 at 0.32 volume fraction. This behavior
is clearly seen to be reflected in Fig. 6, where the peak correspond-
ing to 0.32 volume fraction is very high as compared to other
curves. These observations are consistent with studies on the loss
factor peak of various viscoelastic materials by Pritz [25] where
they report that the loss factor of a rubbery material may increase
along with the peak broadening due to addition of filler particles.
This property of the composite is of immense significance from
the damping point of view. The broad peak of tand indicates that
the composite is capable of damping vibrations over a wider fre-
quency range.
Fig. 8. Storage (G0) and loss (G00) modulus and material loss factor (tand) of the Fe–
PDMS composites as a function of frequency.
3.2. Material loss factor of hard PZT–PDMS and Fe–PDMS composites

Theoretically, the soft PZT particles have a large electro-
mechanical coupling coefficient. A simple approach is proposed
to investigate the contribution of electro-mechanical coupling
coefficient of soft PZT towards the piezoelectric based damping
of the PZT–PDMS composite system. Two solid filler particles, Fe
and hard PZT particles, having same density (1.7 gm/cm3) as soft
PZT particles are dispersed by keeping its volume fraction between
0.22 and 0.32 in PDMS in place of soft PZT. In Fig. 7, the average
storage (G0) and loss (G00) modulus of hard PZT–PDMS composites
are plotted on the primary Y-axis and tand on the secondary Y-axis
as a function of hard PZT particle volume percentage in the com-
posite. It shows that G0 increases from 0.15 to 0.35 MPa with in-
crease in hard PZT volume percentage from 22 to 32%, similar to
the case of soft PZT. However, maximum value of (G00) increases
from 0.04 to 0.1 for increase in hard PZT volume fraction from
22% to 28%, but there is no significant increase or widening of
the (G00) curve with further increase in hard PZT volume fraction.
The varied behavior of (G0) and (G00) as functions of hard PZT vol-
ume fraction also reflects in the material loss factor (tand). It is ob-
served that the tand curve shows a slightly higher maximum value
of 0.4 for 28% volume fraction as compared to 32%. This indicates
that at higher volume fraction of hard PZT, the composite behaves
more as an elastic material and it’s damping efficiency decreases.
The rheological data of Fe–PDMS composite is shown in Fig. 8. It
may be noted that of all the three filler particles used to prepare
composites, the G0 of Fe–PDMS composite is maximum as com-
pared to the same volume fraction of soft and hard PZT–PDMS
composites. G0 of Fe–PDMS composite increases from 0.32 to
0.75 MPa as Fe volume fraction is increased from 0.22 to 0.32.
However, the loss modulus G00 is observed to be maximum
(�0.26 MPa) for 28% volume fraction of Fe particles and decreases
to 0.10 MPa for 32% volume fraction indicating a decrease in the
viscous energy dissipation capacity of the composite. The material
loss factor (tand) increases continuously with the increase in the Fe
volume percentage. However, for both hard PZT and Fe filler partic-
ulate composite, the maximum material loss factor at a particular
volume fraction is nearly half that for the soft PZT composite. These
rheological observations show that when the soft PZT particles are
used as filler, the composite exhibits better damping properties.
This is not just due to the density of filler particles, but may also
result from a high electromechanical coefficient (k) of the soft
PZT particles. A higher electromechanical coefficient indicates
higher efficiency of the material to convert mechanical energy into
electrical energy and vice versa. Thus, soft PZT particles convert
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mechanical energy into electrical energy better than hard PZT and
Fe particles, which increases the damping of the composite.

3.3. Poling of PZT–PDMS composite

A corona poling technique was employed to pole soft/hard
PZT–PDMS composite at optimum electric field and at elevated
temperature. The soft PZT–PDMS composite was found to be a
promising composite material for damping, especially in terms
of controllable flexibility by cross-linking. The damping efficiency
of the composite could be increased by the poling of PZT particles
in the composite [26]. The computation of the effective poling
field required for PZT–polymer composite was performed by the
Kura Kawa theory [27]. Here, the effective electric field E applied
to the piezoelectric–polymer composite is computed by following
relation:

E
Ep
¼ 2e1

2e1 þ e2 þuðe1 � e2Þ
ð3Þ

where E is the effective electric field; Ep the applied electric field; e1,
the dielectric constants of PDMS; e2 the dielectric constants of PZT;
u the volume ratio of PZT filler in the PDMS matrix.

It indicates that the ceramic–polymer composite could be poled
well under optimum conditions of electric field and temperature,
which significantly influence the piezoelectric, dielectric and
damping properties of the composite. However, PZT inherently
possess dielectric and piezoelectric properties. Therefore, applying
an electric field to the PZT ceramic, stored the charge in the form of
complex permittivity. Hence, the real part normally is referred to
as dielectric constant, while the loss tangent (tand) is equal to
the ratio of imaginary/real part. For that reason, the application
of poling electric field to the PZT ceramics, impact the dielectric
and piezoelectric properties isotropically. Thus in general ‘‘free’’
and ‘‘clamped’’ dielectric constants computed at constant stress
and strain are related through the electromechanical coupling fac-
tor (k). Fig. 9 shows the variations in the dielectric constants for
composite system before and after poling. The general trend of in-
crease in the dielectric constant of PZT–PDMS soft and hard com-
posite with increase in the volume fraction of PZT is noted,
though the effect is predominant in soft PZT composite. Also, these
variations in the dielectric constants become more pronounced in
soft as well as hard PZT–polymer composite after poling at the
optimum electric field and temperature. It is perceived that there
is approximately linear increase from 100 to 160 in the dielectric
constant of soft-PZT–PDMS composite after the poling treatment,
Fig. 9. Variation in the dielectric constant of soft/hard PZT–PDMS composite for
different volume fractions of PZT in the PDMS matrix before and after poling.
while in case of hard PZT–PDMS composite, the reduction in
dielectric constant is observed approximately at 28% or higher vol-
ume fraction of hard-PZT filler in PDMS matrix [28]. Furukawa
et al. [18] have reported that the accumulation of ionic impurities
at the interface of the PZT–PDMS composite and electrode polari-
zation are responsible for the increase in dielectric constant at
optimum poling condition of the PZT–polymer composite. It is ob-
served that the rate of variation of the dielectric constant steadily
increases with increase in the volume fraction of soft-PZT filler
[28]. This might be because the poled PZT particles generate an
internal field that favors the orientation of the PDMS molecules
at optimum condition, resulting in an increase in the dielectric
constant. This effect is more prominent and orderly in case of
soft-PZT composite as compared to hard-PZT composite [29,30].
The shapes of soft and hard PZT filler particles observed by FESEM,
as shown in Fig. 10A and B are, spheroidal or ellipsoidal. Fig. 10C
and D shows the FESEM images of soft PZT filler volume fraction
0% and 22% respectively, dispersed in the PDMS matrix. Fig. 10C
indicates the presence of a pure polymeric phase with chains of
nanometric dimensions. With the addition of soft PZT filler parti-
cles, a distinct particulate phase with submicron particle size is ob-
served. At 0.03 PZT volume fraction (FESEM images not shown),
these particles are observed to be isolated in the matrix with very
few particles seen at the surface. As the PZT volume fraction is in-
creased from 0.03 to 0.22, a large number of particles become vis-
ible on the surface of the composite (Fig. 10D). This shows that as
the PZT volume fraction is less than 0.5, soft/hard PZT filler parti-
cles do not connect with each other in any of the three dimensions
throughout the matrix. Fig. 11 shows the increase in the piezoelec-
tric coefficients (d33) for 0–3 soft/hard PZT–PDMS composites as a
function of the volume fraction of the filler in the PDMS matrix. In
fact, the increase in d33 for soft-PZT PDMS composites is more sig-
nificant as compared to that for hard-PZT–PDMS composites. In
addition to this the charge retention competency of the soft/hard
(PZT) fillers embedded in the PDMS matrix may not be only due
to the conductivity of the PZT fillers but also due to charge reten-
tion capability of PDMS matrix. Because, there is a significant dif-
ference in charge storage behavior between PDMS/PZT filler
composite materials and pure PDMS, it is reasonable to conclude
that charges can penetrate (transport) with in the PDMS matrix
and be trapped by the PZT fillers during the corona charging. The
PDMS dielectric matrix may act as an energy barrier to prevent
the injected charges in the PZT fillers from escaping to the outer
environment. As a result, the PDMS/PZT fillers composite shows
higher long-term surface charge stability than pure PDMS and have
a marked improvement after poling. Furthermore, Fig. 12 shows
the significant variation in d33. It might be due to domain contribu-
tion for the composite system [31]. Moreover, the soft/hard PZT
fillers have perovskite structure, in which without presence of
external electric field (E⁄), a uniform polarization develops along
the domain walls at below Currie temperature (TC) and could be
switched by the influence of E⁄. Especially, for the polycrystalline
nature of PZT filler, because the domains within the grains could
be permanently aligned or reoriented by mean of poling electric
field. However, the PZT filler ceramics have a general chemical for-
mula ABO3, represent the O (oxygen), A (cation with a larger ionic
radius) and B (cation with a smaller ionic radius). Consequently,
after the poling treatment of PZT/PDMS composite, the decrease
in temperature of the composite system could be result the cubic
paraelectric phase transfer into other phases like tetragonal, etc.
due to the corner-linked oxygen octahedra, with the smaller cation
filling the octahedral holes and the large cation filling the dodeca-
hedral holes. In each phase, the dipole is generated by the displace-
ment of the B-site ion along the same direction of the distortion
and significantly influence the d33 piezoelectric co-efficient. This
effect turns out to be more pronounced as a result of oxygen



Fig. 10. FESEM images showing the particle shape and size of (A) soft-PZT, (B) hard-PZT particles and microstructure of PZT–PDMS composite with different PZT loading (C)
0 wt.%, and (D) 70 wt.% PZT. The crack in sample (D) is due to the sectioning of the sample for FESEM studies.

Fig. 11. Variation in piezoelectric coefficient (d33) of PZT–PDMS composite with
different volume fractions of soft and hard PZT particles before and after poling.

Fig. 12. Schematic diagram of defect dipoles and domain wall motion in the PZT–
PDMS composite.
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presence within host matrix, which influences the piezoelectric
properties, due to domain wall motion. Hence, in case of PZT–poly-
mer composite, the degree of domain contribution in the hard-PZT
filler would be larger [32]. In the soft-PZTs, donors are added to re-
duce the concentration of oxygen vacancies, which are considered
to be the origin of domain wall clamping. Therefore, domain walls
move easily in the soft-PZT by the influence of E⁄. On the other
hand, acceptors are added to the hard-PZTs in order to increase
the oxygen vacancy concentration results the clamping of domain
walls. It is to be noted that the effect of corona poling increases the
oxygen composition of PDMS matrix, as shown in Table 2, due to
the formation of hydroxyl group in PZT–PDMS composite [33]. In
fact, the increase in oxygen composition in hard PZT filler compos-
ite is higher than that in soft PZT filler composite after the poling
treatment. These results indicate that the oxygen concentration
in hard PZT in a PDMS matrix is sufficient for clamping the domain
walls. In addition to this presence of coexistence of local structures
and stresses, the dielectric constant variation of PZT fillers attri-
bute to the certain amount of pores, voids and strain/stress of
the metastable state. Therefore in the present work the domain
walls induced transformation occur in soft/hard PZT PDMS com-
posite system matrix is more significantly due to the presence of
oxygen within the host PDMS matrix. Thus, the soft PZT–PDMS



Table 2
Elemental atomic fraction composition of different constituents loading of soft/hard PZT in PDMS matrix before and after poling.

Element 12% soft PZT
loading in PDMS
matrix

12% soft PZT loading after
poling in PDMS matrix

22% soft PZT
loading in PDMS
matrix

22% soft PZT loading after
poling in PDMS matrix

22% hard PZT
loading in PDMS
Matrix

22% hard PZT loading after
poling in PDMS matrix

Carbon 36.582 38.212 39.677 36.87 34.638 38.798
Oxygen 35.868 42.451 43.373 49.135 47.104 57.199
Silicon 27.072 37.744 10.169 14.291 10.648 22.917
Titanium 0.021 2.183 1.647 2.079 2.183 3.01
Zirconium 0.282 2.169 1.828 2.387 2.282 4.041
Lead 0.175 3.241 3.305 4.238 3.145 4.035

Fig. 13. XRD spectrum of soft PZT particles 12%, 22%, 28% and 32% volume fraction
dispersed in PDMS matrix, (A), (C), (E) and (G) without poling and (B), (D), (F) and
(H) with poling.
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composites have sufficient domain wall motion, which results in
the marked non-linearity of the composite system after poling
and play a significant role in the damping. Table 2 shows the atom-
ic percentage of diverse elements computed by EDAX mapping for
composite system. Fig. 13 shows the XRD spectrum of various vol-
ume fractions of soft sub-micron PZT filler particles dispersed in
PDMS matrix. As shown, the spectrum X-ray diffraction results
indicate that the dispersed soft PZT particles in PDMS matrix have
the lattice parameter a = 5.84 Å, c = 14.41 Å and an increase in peak
intensity due to the increase in volume fraction. Fig. 13A, C, E and G
shows the relative percentage intensity variation 20.1, 23.1, 27.0
and 30.9 for (001), 17.5, 18.4, 24.6 and 28.6 for (002), 5.5, 5.9,
7.0 and 10.0 for (200) without poling for 12%, 22%, 28% and 32%
volume fractions respectively of soft PZT particles dispersed in
PDMS matrix. Similarly, Fig. 13B, D, F and H shows that the inten-
sity variations after poling are 27.0, 27.3, 29.1 and 31.3 for (001),
19.5, 19.6, 25.6 and 29.0 for (002), 5.6, 6.1, 7.5 and 12.6 for
(200) for 12%, 22%, 28% and 32% volume fraction respectively of
soft PZT particles dispersed in PDMS matrix. These results indicate
that dispersed soft PZT particles have tetragonal structures and
(001) orientation. Generally, the orientation of particles are gov-
erned by energy minimization in terms of surface and strain en-
ergy of particles. Moreover, the increase in intensity after poling
at optimum conditions reveals the enhancement in the number
of alignments of dipole along (001) orientation within the com-
posite [34]. The electric charge generated by these dispersed
aligned particles can be dissipated by resistive shunting of the
composite [7]. In addition, the strongest (101) PZT peak can still
be recognized for the spherical and ellipsoidal shapes of dispersed
PZT particles that support the FESEM results. Hence, loss factor is
measured by varying the shunting resistance from 0 to 1 kX for
different volume fractions of soft PZT in PDMS matrix before and
after poling treatment as shown in Fig. 14. When the PZT–PDMS
composite bends during vibration, the PZT elements are strained
and develop electric charges. This produces a resultant current
through the resistors that dissipates energy in the form of heat
and results in mechanical damping of the beam. Fig. 14 shows that
loss factor shows a maximum for shunting resistance between
300–400 X and 700–900 X. It becomes more significant after the
poling treatment. However, the variation in magnitude of the
structural loss factor is lopsided. Still, it is interesting to note that
higher loss factor g is achieved for soft PZT–PDMS after poling as
compared to that achieved without poling due to the absence of
effective dipole moment of PZT filler within the PDMS matrix. As
PZT volume fractions vary from 3 vol.% soft PZT to 32 vol.% in the
composite, there is an increase in g from 0.0011 to 0.0014 at
300 kX and 0.0012 to 0.0014 at 800 kX as indicated in Fig. 14a–
d. Similarly, after poling treatment at the optimum condition, the
increase in g is from 0.0015 to 0.0027 at 300 kX and from 0.0018
to 0.0025 at 800 kX as shown in Fig. 14e–h. Therefore, of all the
composites studied, the PZT–PDMS composites fabricated using
sub-micron PZT particles dispersed in PDMS matrix are found to
be better suited as damping material. The difficulty with this type
of composite, where the piezoelectric particles are smaller in diam-
eter than the thickness of the polymer matrix, is that low permit-
tivity polymer layers interleave the piezoelectric particles
preventing saturation poling after the composite is formed. After
some poling has been achieved, the interleaved compliant polymer
attenuates the piezoelectric response of the composite. Therefore,
poled composites are also made of Honeywell structures in
which smaller PZT particles aggregate and form much larger
conglomerates as shown in the FESEM images of Fig. 10. Since
the piezoelectric particles redistribute from electrode to electrode,
near-saturation poling can be achieved. The large rigid piezoelec-
tric particles can transmit an applied stress leading to high d33

values as shown in Fig. 11. Moreover, the structural loss factor
(g) of the soft PZT–PDMS composite is measured by the Oberst
beam technique. The damping behavior of a mechanically excited
steel beam, with and without damping layer is analyzed. The log-
arithmic decrement (d) in the amplitude of the beam is calculated
from the amplitude decrement between any chosen peak (di) and
the subsequent nth peak (dn) as per the relation ([35,36):

d ¼ ½1=n� ln ½di=diþn� ð4Þ

This logarithmic decrement is directly related to the loss factor (g).

g � d=p ð5Þ

Fig. 15 shows the structural loss factor of soft PZT–PDMS composite
as a function of soft PZT volume fraction g increases linearly from
0.003 to 0.0038 with increase in soft PZT volume fraction from 0
to 0.22. However, at 0.32 volume fraction, g increases abruptly to



Fig. 14. Structural loss factor (g) of the PZT–PDMS composites for different PZT loading percentages as a function of shunting resistor connected between the electroded
opposite surfaces of the composites before and after poling treatment.

Fig. 15. Structural loss factor (g) of the PZT–PDMS composites as a function of
loading percentage of PZT particles.
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�0.007. When filler particles are added to a polymer matrix, the
friction produced between the filler particles and the PDMS matrix
leads to energy dissipation, which is the main cause of the observed
linear increase in the g. These results indicate that thin films of this
composite would be more efficient in controlling the damping using
a shunting resistor after poling as most of the PZT particles would
then be having higher connectivity and presence on the surface of
the film.

Additionally, for the consistency of measurement results for the
material loss factor and structural loss factor is computed from the
curve fitting for the real part of the modulus, by using the frac-
tional model in Figs. 6 and 15. Thus, the measurements results of
the damping coefficient are compared with the theoretical calcula-
tion using the local dispersion relation and compared with the the-
oretical values. Furthermore, the composite of piezoelectric
polymer should have an optimal connectivity in such a way that
the orientation of the piezoelectric phase within the polymer ma-
trix is continuous from one electrode to the other to provide the
continuity of electric flux required for saturation poling. The cera-
mic phase should also be oriented normal to the electroded sur-
faces for the transmission of mechanical stress and high
piezoelectric response. This indicates that the properties of the
composite are extremely position sensitive. Therefore, to make
an effective composite damper, designing of a composite entails
not only the choice of component phases with the right properties,
but also the coupling of materials in the optimal manner. The con-
nectivity of each phase is of major importance since it controls the
electric flux pattern and the mechanical stress distribution during
damping. Also, the presence of polymer phase increases the elastic
compliance, which enhances the applicability of the composite
over complex surfaces of mechanical dimensions.
4. Summary

Mechanical vibration damping properties of soft PZT–Poly-
dimethylsiloxane (PDMS) composites are studied with the help of
rheometry and Oberst beam techniques. Use of PDMS as the poly-
mer phase for improving the flexibility and passive damping of the
vibrations is explored. Rheometric analyses have revealed that
material loss factor as high as 0.7 is possible for 32 vol.% of soft
PZT, while the structural loss factor measured by Oberst beam
technique is �0.007. With increase in PZT fraction in the compos-
ite, not only have the maxima of the material loss factor curves in-
creased, but the corresponding peaks have also broadened,
indicating better damping over a larger range of frequencies. The
dielectric constant and the piezoelectric coefficient (d33) are ob-
served to be higher for soft PZT based filler composite than for
the hard, and both increase remarkably after poling. A resistively
shunted composite shows nearly two fold increase in the structural
loss factor of this composite because of the presence of soft PZT
particles at the surface and this trend is more pronounced after
poling. The mechanical vibration damping using soft PZT–PDMS
composite would be higher than that using hard PZT and Fe; it
could be tuned to the desired level and frequency by controlling
the PZT volume fraction and the external shunting circuit.
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