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The piezoelectric ceramic (piezoceramic) component of a polymer—piezoelectric ceramic
composite converts mechanical energy into electrical energy and this electrical energy is
dissipated as heat in a load resistance, Ry, simulated by a shunted resistance, but provided in
practice by a conductive polymer composite matrix. The composite therefore dissipates the
input mechanical energy via the damping mechanism provided by piezoelectric
ceramic-conductive matrix material, as well as the conventional viscoelastic damping
provided by the polymer. Mathematical models have been developed to characterize the
damping behaviour of the composites, and the maximum damping ratio of composites can
be as high as 23%. A two degrees-of-freedom {2DOF) experimental setup was developed to
test the validity of the models. The experimental results are in good agreement with the

theoretical predictions.

1. Introduction

The damping of mechanical vibrations is important
because vibration not only results in the fatigue of
materials but also generates noise, and much effort has
been expended in attempting to minimize unwanted
vibrations.

The use of high loss factor viscoclastic materials is
one of the most common passive damping methods
[1]. As the maximum damping properties of a poly-
mer are located in the glass transition region, a poly-
mer with a wide transition region can show damping
behaviour over a large range of temperature or fre-
quency, and can dampen efficiently if it shows a high
loss factor at a given frequency and temperature.
Thus, it is desirable for damping applications that
a polymer possesses a broad, high damping peak.
However, this may not be possible for either a single
polymer or interpenetrating polymer networks (IPNs)
which are often used, since the height and width of the
loss peak cannot be independently adjusted, as the
broadening of the loss peak usually results in a de-
crease in its maximum height [2]. This trade-off in
width and height of polymeric loss limits further devel-
opment of these materials for damping applications.
In addition, polymers have a low modulus; their
damping capacity is quite temperature dependent and
prestressing decreases their loss factor [1]. In the
development of new damping materials, composites
containing piezoelectric material have attracted great
attention, as the composites can show both high stiff-
ness and a high loss factor [3-6].

For piezoceramic powder—polymer composites in
damping applications, the reported composites were
mixtures containing piezoelectric ceramic powder,
e.g. lead zirconate titanate (PZT) and BaTiO;, a
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polymeric material (polyester or epoxy) into which an
electrically conductive material (e.g. carbon black) has
been dispersed [3—6]. The damping mechanism of the
mixtures was believed to be due to the piezoceramic
powder first generating an electrical charge upon de-
formation and then dissipating this charge within the
conductive materials.

Contrasted with this, it was reported that adding
piezoceramic PZT powder to a high damping Eccogel
epoxy increased storage modulus, E’, but lowered the
loss factor, 1, [7]. Further study into the possibility of
using piezoelectricity in a composite for passive
and active vibration damping applications by these
workers concluded that there was no significant con-
tribution to the composite damping by the piezoelec-
tric filler [8]. Therefore, when the piezoelectric
ceramic powder was used in a composite for trans-
ducer backing applications, it was concluded that the
primary reason for the beneficial effect was observed
the high density of the piezoceramic (7.8 gem™?) as
opposed to any piezoelectric effect [9].

The damping capacity of piezoceramics shunted
by a resistor or a resonant circuit has been examined
by [10] and [11]. It has been demonstrated that a
matched resistance or RLC circuit is a prerequisite for
the piezoceramics to possess any significant damping
ability. Models had been developed [12] for charac-
terizing the damping behaviour of piezoelectric mater-
ials shunted by a load resistor. These models gave
a good prediction of the optimal resistance and the
damping capacity of the piezoelectric materials.

However, the damping mechanisms of composites
containing piezoelectric materials are not well under-
stood, as indicated by conflicting reported results.
Questions unanswered are: how large is the damping
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from piezoceramics, under what circumstances will
piczo-damping work in the composite, what is the
maximum possible damping of the composites and the
relationship between the total damping and the damp-
ing of each component?

This paper reports the current investigation on the
damping mechanisms of piezoelectric ceramic—poly-
mer composites. A “parallel model” and a “series
model” have been proposed for characterizing the
piezo-damping of such composites. A two degrees-of-
freedom (2DOF) experimental configuration was used
to test the validity of the models. Instead of using
a conductive polymer, an adjustable resistor was con-
nected to the piezoelectric ceramic to simulate the
conductivity of the polymer matrix. Equations for the
total composite damping and the individual polymer
and piezoceramic damping are derived. Experimental
results validate the proposed models and demonstrate
the feasibility of using piezoceramic systems for prac-
tical damping of mechanical vibrations.

2. Modelling of damping in a composite
containing piezoceramics

The piezoelectric ceramic component of a polymer—
piezoelectric ceramic composite converts mechanical
energy into electrical energy and this electrical energy
18 dissipated by a load resistance, R,, provided by the
conductive polymer matrix, as shown in Fig. 1. This
energy dissipation is termed the “piezo-damping”,
while the energy dissipated by the polymer matrix
alone is referred to as “polymer damping”.

The piezoelectric ceramic-polymer composites
are classed as either parallel composites, with the
piezoceramic and polymer mechanically in parallel
(constant strain), or as series composites with piezo-
ceramic and polymer mechanically in series (constant
stress), as shown in Fig. 2a, b. Parallel composites are
modelled using two spring dashpot sets joined in par-
allel,; Fig. 2¢. The first dashpot, Cy, is the equivalent
dashpot describing the damping of the polymer, and
the second dashpot, C,, is the equivalent dashpot
describing the piezo-damping from the piezoceramic.
The clastic properties of the polymer and piezo-
ceramic are represented by two springs with stiff-
nesses, k; and k,, respectively. Series composites are
modelled by using the two spring dashpot sets joined
in series, as shown in Fig. 2d.
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Figure 1 Schematic diagram of the piezo-damping principle: the
piezomaterial transfers the mechanical energy into electrical energy
and this electrical energy is dissipated by load resistance as Joule
heat.
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Figure 2 (a) Parallel and (b) series composites and (c, d) their corres-
ponding dashpot-spring models.

2.1. The damping behaviour of parallel
composites: the parallel model

The piezoceramic in a parallel composite is continu-
ous in only one direction, while the polymer matrix
can be continuous in one, two or three directions.
Therefore, in terms of the connectivity of composites,
parallel composites include 1-1, 1-2 and 1-3 type
composites.

If a force F, equals Fye™ is applied to the com-
posite, the total energy, Uy, dissipated by the com-
posite is

Up = U, + U, (1)

where U, is the energy dissipated by the polymer and
U, is the energy dissipated by piezoceramic. As k; and
k, are in parallel, the total stiffness of the composite,
kr, 1s therefore given by

ky = ki + ks 2)

The amplitudes of the displacement, X, are the same
for both polymer and ceramic, as polymer and ce-
ramic are in parallel

XT = X1 = X2 (3)

where X1, X; and X, are the displacement of the
composite, polymer and piezoceramic parts, respec-
tively. Then the energy dissipated by the composite
and each component is given by [13]

Ur = 2r&rkr X 1% )
U, = 2rn& 1k X 12 (5)
U, = 2n&k X 22 (6)

where &1, &; and &, are the damping ratio of com-
posite, polymer and piezoceramic, respectively. From
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Equations 1 and 2, the damping ratio of composite is
found to be

1
& = m(qgl + &) (N

where g is the stiffness ratio of polymer and ceramic,
q = k;/k,. The stiffness of a material is given by

A

k = E I (8)
where E is Young’s modulus, 4 is the area and L is
the length. If v is the piezoceramic volume fraction of
the composite, with dimension of a x b x ¢, as shown
in Fig. 2a, then the volume of this composite
is Vr=axbxc. The volume fraction of the
piezoceramic and polymer are Vy =bxcxx and
V,=bxcx(a—x), respectively. Thus the piezo-
ceramic volume fraction can be expressed as v = x/a.
As a parallel composite, the force acting is parallel
to the “c-axis” and the stiffness of each component
is found to be

k1 = E1é (9)
c
A

k, = Ezf (10)

where A; = bx and A4, = b(a — x). Thus the stiffness
ratio is found to be

1
qg = p(;— 1) (11)

where p is the modulus ratio of the two components,
p = E{/E,. Therefore the stiffness ratio of the com-
posite can be determined by the modulus ratio and the
volume fraction of the piezoceramic and, accordingly,
the composite damping becomes

o= ——— (5 1)u v @

The damping ratio of piezo-damping is given by [12]

2

1 R, K:

= X
R e I T K2

(13)

where @ =2nf, f is the working frequency of the
piezomaterial, Z is the magnitude of electrical imped-
ance of the piezoceramic, CT is the capacitance of the
piezomaterial (at low frequency) in free stress state,
R, is the load resistance, r is a constant determined by
Z and R, such that [12]

Ry

T (27 + RYH? 9

and K; is the electromechanical coupling factor [14].
“Modes 33” means that the piezomaterial is vibrated
in the same direction, and “mode 31” means that the
piezomaterial is vibrated in one direction. The elec-
tromechanical coupling factor in mode 33, which is
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K33, is much larger than that in mode 31, which is
K5¢. The composite damping ratio, by substituting
Equation 13 into Equation 12, is found to be

1 1 1
= —_— ——1 [
ot 1 [p<v )§1 T 2ecT
1 +pl-—1
v
R K
X I 15
XZz"’RXZXl_rKl%:| (15)

where the damping contribution of the polymer is

given by
(i)
(16)

G = — <k

and the component of damping provided by the piczo-
damping is

" 1
T T T 77 TN
1
I+ p( - 1)
v
1 R, K
17
X[2mCTXZZ+RX2X1_rK5] 17

As the energy dissipated by R, is a maximum when
R, equals the magnitude of the internal impedance of
the piezomaterial, Z, the maximum damping ratio of
the piezo-damping component is [12]

" 1
T-~max — 71  ~
1
1+ p<~ — 1>
Vv
1 1 KZ
doCT Z 1 (18)
2
1 — 5K

and the corresponding maximum damping ratio of the
composite is equal to

1 1

Cromax = — 77—~ p(— - 1)&1
1 +p<%— 1> Y

K
+ 1ocT X7 % _1’ 5 (19)

Since Z is frequency dependent, the maximum damp-
ing ratio of the composite varies as frequency changes.
For mode 33, Z is given by

1 K35 > < K3 )
zZ = —| (1 —
wCTR oK 1 — K3
2 F, n f
X (E X 7>tan <§ X E):l (20)

where K5 is the electromechanical coupling factor in
mode 33 and F, is the antiresonant frequency of the




material itself [ 12]. Therefore the frequency character-
istics of the composites can be determined by substitu-
ting Z into Equation 15

1

1
aT—max = —"1—_ p<; - 1)&1 + 1
1'%p<;—]> 4<1—-——K;>

21

K3 K? 2
(1 750) - ()G )G 5)
1 — K3, 1 — K3, )\® [ 2 F,

2.2. Damping behaviour of series
composites: the series model
The piezoceramic in a series composite is isolated by
the polymer and not continuous in the direction of
applied force. The polymer matrix, however, can be
continuous in one, two or three directions. Therefore
in terms of the connectivity of a composite, series
composites include the 0-1, 0-2 and 0-3 type com-
posites.
From the series model shown in Fig. 2d, the total

energy, Uy, dissipated by the composite is
Up = Uy + U, (22)

As ky and k, are in series, the total stiffness of the
composite, kr, is therefore given by

1 1 1
- 4= 23
PR @)

and the forces acting on the polymer, F;, and the
ceramic, F,, are equal to the total applied force, Fy

FT = F1 — Fz (24)

The energies dissipated by the composite and each
component are then given by

F2

Ur = 2n&;— (25)
ky
F2

Uy, = 275‘21_1 (26)
ky
FZ

U, = 2n&,-2 27
k,

and the damping ratio of the composite is found to be

_ 1
r = m(&l + g&2) (28)

where ¢ is the stiffness ratio. This stiffness ratio of
a series composite, g, can also be expressed in terms of
modulus ratio, p, and piezoceramic volume fraction, v,
in a similar fashion. The acting force is along the
“g-axis” for a series composite, as shown in Fig. 2b.
The volume fraction of the piezoceramic is found to be
v = x/c. The stiffnesses of piezoceramic and polymer
can be expressed as

4,

ky = E;— (29)
X

where A; = A; = axb. Thus the stiffness ratio is

found to equal
\
= 31
q p<1 __V> (31)

where p is the modulus ratio as defined in Equation
11. The composite damping can then be expressed in
terms of modulus ratio and piezoceramic volume

fraction
ORes)
x [&1 + p<1—{~v>g} (32

and the composite damping ratio has its final form as

IS
o ) ]

R, K?
x ZZ RZ x . 2} (33)
+ K IOI'KU

§T=

where the fraction contributed by the polymer is
given by

1
RNATIR
I+ p(l — v)

and the fraction provided by the piezo-damping is

o) el )

1 R, K7
X(mwTXZZ+R3X1,g$> (33)

The maximum damping ratio of the composite occurs
when R, = Z, and is found to be

v / v
" _ 1 o
o = [r(5) (5
1 1 1

(36)
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2.3. Piezo-damping in a composite

From Equations 17 and 35, the contribution to the
composite damping from the piezo-damping is deter-
mined by:

1. the piezoelectric properties of the piezoceramic
(CT, Z and K;)),

2. the effective load resistance,

3. the modulus ratio,

4. the piezoceramic volume fraction, and

5. whether the composite is in parallel or series.

If K;;=0, ie. the material is not piezoelectric,
Equation 13 yields &, = 0. If R, = 0 or R, = o0, i.e. the
piezoceramic is either shortcircuited or opencircuited,
there is no energy dissipation in R,, and Equation 13
gives &, = 0. Therefore in any of these cases, there is
no damping provided by the piezoelectric material
through the piezo-damping mechanism, and the total
damping is only provided by the polymer. Thus,
a matched load resistance is essential for the piezo-
ceramic to provide effective piezo-damping, and this is
in a good agreement with the results reported by
[10]-[12]. The optimum resistance is frequency de-
pendent, and the damping ratio has a peak value at
this resistance [12].

However, even when a matched resistance is pro-
vided to the piezoceramic, the amount of piezo-damp-
ing in a composite is altered by the modulus ratio and
the piezoceramic volume fraction, as indicated in
Equations 17, 18, 33 and 35. Increasing the modulus
ratio results in a lower piezo-damping effect in a paral-
lel composite, but a higher piezo-damping effect in
a series composite, as shown in Fig. 3. This figure is
plotted out using Equation 18, with a maximum
piezo-damping of 0.23 (when K;3=10.75) and a
piezoceramic volume fraction of 0.5. The piezo-damp-
ing is much higher in parallel composites than in series
composites when the modulus ratio is lower than one.
In a series composite the piezo-damping is almost zero
when the modulus ratio of the composite is lower than
0.1, as shown in Fig. 4. Since the modulus ratio of
polymer and piezoceramic is less than 0.1 in most
cases, the piezo-damping in a series composite is ex-
tremely small, even when an optimal load resistance
and a piezoceramic with high K;; are employed. This
conclusion explains the experimental results reported
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Figure 3 The piezo-damping ratio for (a) parallel composites, and
(b) series composites as a function of modulus ratio.
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Figure 4 The piezo-damping in (a) a parallel composite, and
(b) a series composite when the modulus ratio is lower than 0.1..
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Figure 5 The piezo-damping in composites as a function of the
piezoceramic volume fraction: parallel composite (a) p = 0.01, (b)
p =0.05, (c) p = 0.1; series composite (d) p = 0.01, (¢) p = 0.05, ()
p=01.

by [7] and [8] for composites containing piezo-
ceramic particles.

It is very clear from these models that the parallel
mode results in the largest piezo-damping. In a series
composite, only with a piezoceramic volume fraction
of over 0.8 can the composite show a reasonable
increase in the piezo-damping if the modulus ratio is
0.1, Fig. 5. The lower the modulus ratio, the less in-
crease of piezo-damping by increasing the -piezo-
ceramic volume fraction. However, for a parallel com-
posite, the piezo-damping reaches its maximum value
as soon as the volume fraction is over 0.25, and this
value becomes even lower with decreased modulus
ratio.

2.4. The addition of polymer damping
and piezo-damping in a composite

The polymer damping adds to the piezo-damping
in both parallel and series composites according to
Equations 12 and 32. Since the modulus ratio is gener-
ally small, the composite damping is dominated by
the piezo-damping in a parallel composite and by the
polymer damping in a series composite. Since the
piezo-damping stems from the piezoelectric properties
of the ceramic, these properties are not affected by
changing temperature, provided it is below the Curie
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Figure 6 The maximum damping ratio of a parallel composite as
a function of frequency: (a) K33 = 0.75, (b) K35 = 0.6, (c) K33 = 0.4.
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Figure 7 Shift of the maximum damping peak to different fre-
quencies as the resistance varies: (a) R, = 100 kQ, (b) R, = 150 kQ,
(c) R, = 200 kQ, (d) R, = 400 kQ, (¢) R, = 900 kQ.

point. As most of the piezoceramics have their Curie
point at a few hundred degrees, parallel composites do
not lose their damping ability over the range of most
service temperatures. As such they are less temper-
ature sensitive than polymers, where damping de-
creases at temperatures above the glass transition
region.

According to Equation 22 the maximum damping
ratio of piezo-damping is frequency dependent, and
this is true also for the maximum damping ratio of the
composite. However, the maximum damping ratio of
the composite is almost frequency invariant, as long as
the frequency is below the antiresonant frequency
of the piezoceramic itself, as shown in Fig. 6. As a re-
sult, the maximum damping ratio of the composite
can be effectively “tuned” to any required frequency
merely by changing the resistance, R,, as shown in
Fig. 7 for a parallel composite. This figure is plotted
out by using Equation 1 with K33 =0.75, v=20.5,
p=0.1,f =321 kHzand &; = 0.1. The dashed line is
added to indicate the polymer damping level. At each
value of R,, the total damping is the addition of the
piezo-damping and polymer damping, and the max-
imum damping ratio is about 0.23. Increasing the
polymer-damping provides a higher background
damping, and this results in a higher total damping of

the composite. If a polymer with broad loss peaks is
used as matrix (for example, IPNs), the
piezoceramic—IPNs composites can have a high and
broad damping peak due to the addition of the piezo-
damping to the polymer damping. Therefore the com-
posites not only dampen well over a large range of
temperature and frequency, but also efficiently at any
specific frequency due to the contribution of piezo-
damping.

3. Experimental procedure

A two degrees-of-freedom (2DOF) system was de-
veloped with two mass blocks hanging horizontally,
and the piezoelectric sample was placed between the
blocks, as shown in Fig. 8. These two mass blocks
were tapered at one end; both were of equal weight of
2.272 kg. The system was excited by a shaker (B&K
type 4809), which was driven by a power amplifier,
B&K type 2706. The signal source was a noise gener-
ator, B&K type 1405. The input force was measured
by a force transducer and the response was measured
by an accelerometer. Both input and response signals
were fed into two charge amplifiers (B&K condition-
ing amplifier type 2626), respectively, and then into
a two channel FFT analyser (AND AD-3525 FFT
analyser). This 2DOF setup has two advantages for
piezo-damping measurement: (a) the system damping
is equal to the material damping, and (b) the piezo-
material vibrates in a direction parallel to its poling
direction (mode 33). The electromechanical coupling
factor under this vibration mode, Ks3, is the largest
among all the vibration modes.

Composites were prepared by embedding two
piezoelectric ceramic rings in epoxy matrix. The piezo-
ceramics, with diameters of 11.7 and 19 mm and
heights of 9.2 mm, were used. The piezoelectric prop-
erties of the piezoccramics are listed on Table L
The two piezoceramic rings were placed together with
their poling polarities in opposite directions, and
a copper shim was inserted between the two ceramic
rings as electrode outlets, as shown in Fig. 9. The
modulus ratio of the composite is 0.098, the damping

Force transducer

Accelerometer

/ Sample
Shaker. |
Mass 1 Mass 2
Power Charge Resistor
amplifier amplifier decade box
Noise Dual FFT
generator analyser

Figure 8 The schematic diagram of the 2DOF damping measure-
ment system.
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TABLE 1 Piezoelectric properties of the piezoceramics

Material ds3 (pC/N) CT (pF) F, (kHz) F, (kHz) Ks; E (GPa)
PZT 300 220 67 73 042 11
Epoxy matrix  Polarity Piezoceramic ring, A o 0.12
2 0.10
o
2 0.08 |
a
£ 0.06
!
2
-g 0.04
Piezoceramic ring, B Copper shim g- 0.02
E O
(8]
0 0 100 200 300 400 500 600 700 800 900 1000
Epoxy matrix Piezoceramic ring, A (a) Load resistance (kQ)
0.06
7
S 0.05¢
®
2 0.04
£ 7
Piezoceramic ring, B Polarity Copper shim g 0.03
3 4
Figure 9 Sample configuration for (a) parallel composite, and (b) -"2—3" 0.02 ¢
series composite. g
£ 0.01r
[=]
8]

ratio of the epoxy is 0.1 and the piezoceramic volume
fraction is 0.5 for parallel composites and 0.8 for series
composites. A resistor decade box was connected to
the piezoceramics to allow simulation of a conducting
polymer matrix and hence allow variation of R,.
Samples were bolted together with the two mass
blocks by a steel rod with a diameter of 3 mm, so that
no adhesive was involved. The damping ratio and
resonant frequency were measured as resistance
was varied from 0 to 990 kQ. At each given R,, the
measurement was repeated three times. Coherence
between input force and acceleration was above 0.98
for all measurements. The composite damping ratio
was then determined from the frequency response
function (FRF) by the circle-fit method [15].

4, Discussion

The experimental results are shown in Fig. 10, where
the solid lines are the theoretical predictions from
Equations 15 and 33, and the dashed line is the damp-
ing provided by the epoxy matrix. The resonant fre-
quency of the 2DOF system is 3.21 kHz when the
parallel composite is used, and this frequency drops to
1.79 kHz when the series composite is used. When the
piezoceramic is shortcircuited, the composite damping
equals the polymer damping, as there is no piezo-
damping. When the load resistance is increased, the
composite damping ratio is a sum of the polymer
damping and piezo-damping, and it reaches a max-
imum value of 11% at a load resistance of 95 kQ for
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Figure 10 Damping ratio varies as a function of load resistance for
(a) parallel composite, and (b) series composite: (@) experimental
results, (——) theoretical predictions.

parallel composites and 5.5% at 200kQ for series
composites. The optimum resistance increases as the
frequency decreases, as shown in Fig. 10a. When
compared with the shortcircuited state (R, = 0 kQ),
the resonant peak value decreases by about 20 dB at
R, =95kQ for parallel composites, as shown in
Fig. 11. Small changes of the composite damping ratio
for series composites as a function of load resistance
indicate that the piezo-damping effect is very small in
the composite, even when the piezoceramic volume
fraction is close to 80%. Clearly, the parallel damping
is a more desirable mode of operation. As shown in
Fig. 10, experimental results correlate well with the
theoretical predictions.

By comparison with the conventional polymer
damping materials, the main advantages of the com-
posites are:

1. high stiffness, which results from the piezo-
ceramic in parallel with the polymer matrix;

2. less sensitivity to prestress or temperature, which
is due to the fact that the piezoceramic (PZT) can
retain its piezoelectric properties up to the Curie point
of the ceramic (about 350°C), and the fact that the
prestressing increases the piezo-damping effect as it
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Figure 11 Change of the resonant peak value when (a) R, = 0 kQ,
(shortcircuited state), and (b) R, = 95 k€.

enlarges the piezoelectric effect in the piezoceramic
[16], and

3. intrinsically high damping ability.

According to Equations 1 and 2, the damping ratio
increases sharply as K55 increases, and can be as high
as 46% when K55 is about 0.75, which 1s the common
value for commercially available piezoelectric
materials.

5. Conclusions

Polymer damping and piezo-damping are the damp-
ing mechanisms of the piezoelectric ceramic—polymer
composites, and the piezo-damping adds onto poly-
mer damping. The piezo-damping in a composite
depends not only on the piezoelectric properties of
the piezoceramic, load resistance, modulus ratio and
piezoceramic volume fraction, but also on the con-
nectivity of each component. For series composites,
the piezo-damping is too small to be useful due to the
mismatch of the polymer and piezoceramic moduli.
Therefore the particulate composites (03 composites)
possess very low piezo-damping. Meanwhile in paral-
lel composites, the piezo-damping dominates the com-
posite damping. The parallel mode is a more desirable
mode for piezo-damping. As the piezo-damping is
frequency “tunable” and has a high damping level, the
parallel composites possess a high damping capacity
and their maximum damping ratio can be altered to
any required frequency by changing the resistance. In
this work this was done by altering an applied resist-
ance, but practically the conductivity of the polymer
matrix would be filled by addition of a conducting
particulate phase. The experimental results correlate

well with the theoretical predictions and therefore
validate the models.
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