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Fig. 1. (a) Optical image of 1-3 composite: dark area, PMN-33PT;
white area, epoxy. (b) Diphase 1-3 composite arranged in parallel
con“guration along the z-direction, Hatched area, PMN-PT; white
area, epoxy; Z, the direction of spontaneous polarization and the
applied electric “eld).

[l. 1-3 Composite Fabrication and
Characterization

Single crystals of 0.67PMN-0.33PT oriented along001
direction are used in this investigation. The single crystals
are poled at room temperature under a “eld of 10 kV/cm.
The poled single crystals exhibit adsz of 2060 pC/N mea-
sured using adsz meter. In the 1-3 composite fabrication
process, extra precaution has to be taken not to damage
the single crystals. The poled single crystals of 1-mm thick
( 001 oriented) are “rst diced along the 100 direction
using the Automatic Dicing Saw K&S 982-6 (supplied by
Kulicke & So a Industries, Willow Grove, PA) with a kerf
width of 100 um, then diced in the pempendicular direction
to produce an array of posts with a rectangular cross sec-
tion [Fig. 1(a)]. The width (0.1 and 0.3 mm along the two
perpendicular directions, repectively) of the single crys-
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tal rods is much smaller than the thickness of the crystal
(or length of the rods, along the z-direction [Fig. 1(b)]),
required in order to realize the longitudinal coupling fac-
tor of the crystal in the composite. The cutting process
is followed by “lling of Mereco 1650 series epoxy (Mereco
Technology Group Inc., West Warwick, RI) to form a 1-3
composite [Fig. 1(a)]. The Younges modulus of the epoxy
is 14 MPa, much smaller than that of single crystal. The
1-3 composites are polished to a thickness of about 0.7 mm
and sputtered Au “Ims of 20-nm thick are used as the elec-
trodes. The “nished composites are poled again along the
thickness direction in silicone oil for 5 minutes under a
direct current (DC) “eld of 10 kV/cm. We “nd that this
second poling process is necessary to have high piezoelec-
tric coe cient and electromech anical coupling factor of the
composites.

The dielectric, piezoelectr, and electromechanical
properties are charaterized for the 1-3 composites. For
a 1-3 composite, because the tw constituents are electri-
cally in parallel [Fig. 1(b)], the dielectric constant can be
expressed as = v 1 + 2v ,, if the fabrication process
does not a ect the properties of the single crystals [9]. In
this equation, * and 2 denote the volume fraction of
phase 1 and phase 2,; and » are the dielectric permit-
tivity of phase 1 and phase 2, respectively. Fig. 2 presents
data of the dielectric constant as a function of temperature
(measured during cooling) for a 1-3 single crystal compos-
ite with 44.4% volume fraction of PMN-PT single crystal.
For comparison, the data for the single crystal of the same
composition and orientation is shown in Fig. 2(b). The di-
electric peak at 130 C for the composite is the same as that
in the single crystal. At room temperature, the dielectric
constant of the crystal is 3390 and the 1-3 composite is
1536, which is close to 44.4% of 3390 (=1505). The result
indicates that the 1-3 composite fabrication process used
in this investigation does not have a marked e ect on the
single crystal piezoelectric properties.

For 1-3 composites with a small aspect ratio (the width
of the crystal rods and width of the polymer phase kerf
versus the thickness), the piezoelectric coe cient d3z of
1-3 composites can be expressed as [10]:

1vldss?sgs + 2v2daalsss
lv2sg3 + 2vlsgs

dsz =

1)

where ds; and ?dss are the piezoelectric coe cient and
1ss3 and ?s33 are the elastic compliance of phase 1 and
phase 2, respectively. For the PMN-PT/epoxy composite,
the piezoelectric coe cient of the epoxy 2ds3z is 0 and the
elastic compliance of epoxy2333 is much larger than 1ss3
(7.1 x 10°8 1.2x 10° 10), which yleld 633 ld33. Di-
rectly measuring the ds3 coe cient of 1-3 composites using
a dz3 meter shows that this is indeed the case. As has been
shown by earlier works [11], [12] on piezoelectric 1-3 com-
posites, the thickness electromechanical coupling factok;
of 1-3 composites, which is the coe cient related to the
energy harvesting experimeat in this paper, can be very
close to the longitudinal coupling factor ka3 of the single
crystal.
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Fig. 2. The dielectric constant as a function of temperature for (a) 1-3
PMN-33PT/Epoxy composite with a 44.4% volume fraction of PMN-
PT; (b) PMN-33PT single crystal (measured at cooling at 1 kHz).

The coupling factor k; of the 1-3 composites is char-
acterized using an HP Impedance Analyzer (HP Model
4284A, Agilent, Palo Alto, CA), and the data is shown
in Fig. 3. From the series resonance frequencys and
the parallel resonance frequency ,, k; can be determined

from [13]:
_fpéfS
2 fp ’

The coupling factors of composites with di erent vol-
ume fraction of PMN-PT single crystals are shown in
Fig. 4. In the composition with PMN-PT single crystals
near 50%, the coupling factork; reaches 0.855, close to the
single crystal ki3 value of about 0.9, which is higher than
the values reported by others on single crystal-polymer
composites [12]. The di erence might be due to the poly-
mer matrix used by dierent groups because the matrix

f
> tan

kZ 2%,

)
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Fig. 3. Electrical impedance Z and phase angle 6 for a
PMN-33PT/Epoxy composite with 0.56 volume fraction, thick-

ness/width = 1.77.
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Fig. 4. Thickness coupling coe cient  k; versus volume fraction for
PMN-33PT/Epoxy composites. Open circles, experimental data and
solid curve, a “tting to the data using the relation in [7] and [12].

The elastic stiness c5; of the 1-3 composite can be
deduced from the resonance frequency [12]:

= (2f ), 3)

where is the density of the composite andt is its thick-
ness. Using the relationship [13]:

5 = (1S kf)c3, 4)

the elastic sti ness under constant electric “eld also can be
obtained. The elastic sti ness c3; and c§; as a function of
the volume fraction of PMN-PT single crystals are shown
in Fig. 5. Both c§; and c§; increase with the volume con-
tent of the single crystal, and the elastic sti ness of 1-3

used here possesses a very low elastic modulus. For comeomposites whose composition is about 50% single crystal

parison, the coupling factork; of the same PMN-PT single
crystals also is measured, and it is 0.59.

is much smaller than that of the crystal itself, which are
expected.
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For comparison, 1-3 composites of piezoceramic PZT in
a polymer matrix also are used in an energy-harvesting
experiment. The 1-3 piezocomposites are purchased from
Smart Material Corp., Osprey, FL. The volume fraction
of the PZT ceramic is 40%. Theelectric impedance curve
for the PZT-piezoceramic/polymer composite is shown in
Fig. 6. The coupling factor deduced from the resonance
data is 62.8%. The elastic sti nessci; and c3; of the PZT
composite are 332 x 10° N/m?2 and 2.1 x 10*° N/m?,
respectively.

I1l. Energy Harvesting Using 1-3 Composites

The schematic of the energy-harvesting experiment
setup is shown in Fig. 7 in which the harvested electric
energy is delivered to a resistive load. In the experiment, a
Universal Test Machine (MTS 810, Supplied by Material
Test System Corp., Eden Prairie, MN) is used to provide
the mechanical energy input to the electroactive materi-
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als [an alternating current (AC) compressive stress of 4 to
10 Hz]. The compressive stress is applied along the poling
direction (the 3- or z-direction). The energy-harvesting ex-
periment also is intended to evaluate how high of a stress
“eld can be applied to the composites to generate a high-
electric, energy-censity output without damaging or de-
poling the composite. For PMN-PT single crystals, it has
been shown that a very large strain can be induced by an
external applied electric “eld for the crystals at the com-
position investigated here when oriented along the 001
direction [2]...[4]. Hence, it iexpected that, in poled com-
posites, a high stress can be applied to induce large strain
and consequently a large mechwical energy density in the
composites. It also has been shown by earlier investigations
[14] that a high compressive mechanical stress applied to a
piezoelectric material, as in the energy-harvesting experi-
ment presented here, can depeal the piezoelectric material.
In order to prevent possible depoling at high stress level,
a DC electric bias “eld is applied to the composites to
stabilize the polarization against high-compressive stress.
A very large resistor R; is used to isolate the DC power
source from the AC energy-harvesting circuit (the R1Cs
time constant is much larger than 1/f , wheref is the AC
mechanical signal frequency, in the 4 to 10 Hz range in
the present experiment, andCs is the capacitance of the
electroactive composites).
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For the piezo-composites in he energy-harvesting ex-
periment, assuming that the nonzero strain component is
S; (the strain S along the applied stress direction due
to the fact that the lateral dimensions are much larger
than the thickness of the composites), which is close to
the experimental situation, the piezoelectric constitutive
relations are:

T = cFSSeE, .
D = eS+ °E, ®)
wherecE is the elastic sti ness under constant “eld, eis the
piezoelectric constant, and ° is the dielectric permittivity
under constant stress,T is the stress componen(Ts, E is
the electric “eld E3, and D is the displacement component
D3, respectively.

When a sinusoidal mechanical forceF = Fe't is ap-
plied on the sample and a sinusoid voltage and strain are
generated, the phase of which are determined by:

Fe'l = cFled(t+ ) Sayelt* )
Q= é|oei(t )y C()Voei(t * ),

(6)

where A is the cross section andy is the thickness, |y =
Sty is the displacement, F = TA is the applied force,
Q = DA is the charge,V = Ety is the voltage,c® = ¢ £,
e= eft and Co = 2, respectively.

The current generated in an external load, therefore, is:

t
Q

| = = =i st * ) +iC g\pelt* ), 7)

The generated voltage is given by:
Vo€ =Rl =R[i 8l +iC oVo€ |, ®)
where R is the total external load resistor (R4 in our

experiment). Solving these equations yields the generated

voltage:
Vo€ = TETRC o’ ®)
and the power dissipation in the load resistor is:
V7 Re?13 2
Power = % = 0 (10)

2R~ 2(1+ 2R2CY)’

which shows that, when the load resistor is equal to the
impedance of the sample voltage source, the maximum

power dissipated in the resistor can be reached, i.e., when:

1
R= — 11
co (11)
and the peak power is:
e122
or the power density is 6245—?; (12) shows that the out-

put power is proportional to the excitation frequency of
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the mechanical force, the sqgare of the displacement, and
the piezoelectric constant of the material. This means
that, if a material with a high- piezoelectric constant and a
high-strain capability is used, the harvested-electric energy
would improve greatly. For the single crystal PMN-33PT,
the strain can be more than 1%, which is much larger than
the strain of the piezoceramic [2]...[4].

The relationship between the output power and input
mechanicalF also can be derived. From (6) and (9),lo is:

. F
log! = 13
0 ce IR & (13)
1SiRC o
In addition:
cE &
=1+ . 14
cP cF Co ( )

Substituting (13) and (14) into (10) yields the harvested
power in the load resistor:

Re? 2F?2

2(E)° [u( e o (

Power =
1

>
. (15)
1S Kk?

Hence, the maximum power delivered to the load resistor
is achieved when:

1S K?
R= L, 16
. (16)
and the maximum power in this case is given by:
F2& (1Sk? 22
POWemheak = ( . £ - P , @7
4(CE) Co 4cF
T2k?

or the peak power density is—£—. The result indicates
that the output power density is proportional to the square
of the stress, excitation frequency of the mechanical force,
and the coupling factor of the material. It is also inversely
proportional to the elastic sti ness of the material. Hence,
a soft material with a high-electromechanical coupling fac-
tor will deliver higher output electrical energy. The 1-3
composites with PMN-PT single crystals meet these con-
ditions.

It should be pointed out that the equations derived
are based on the assumption that all the coe cients do
not change with the applied mechanical stress and electric
“eld.

The schematics of the energyharvesting experiment us-
ing a resistive load are shown in Fig. 7. The energy har-
vested is measured directly from the voltage acrosR». In
the experiment, two di erent types of 1-3 composites are
used. One is the 1-3 PMN-33PT/Epoxy composite. An-
other one is PZT/Epoxy 1-3 composite, which is used for
comparison.

To determine the maximum output power under a con-
stant stress, a variable resitor is connected to the circuit
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Fig. 8. Harvested power density versus the load resistor in
the circuit for the 1-3 PMN-PT/Epoxy composite with vol-
ume fraction 56.3%. Applied AC stress amplitude is 88.9 MPa,
DC bias “eld is 4.35 kV/cm, and the sample dimension is
10 mm x 10 mm x 0.69 mm.

and an 88.9 MPa AC stress (4 Hz) is applied to the 1-3
composite (56% of PMN-PT crystal). The result is shown
in Fig. 8, and the maximum power density is 96 mW/cc
when the load resistor is 9.5 Mohm. Under high compres-
sive stress, both the capacitance and the coupling fac-
tor will decrease compred with their stress-free values.
Hence, the load resistor value at high stress for the max-
imum power output is higher than for the stress-free case
( 4 MPa). Such a nonlinear material response is a com-
mon feature of piezomaterials. In this experiment, a DC
bias “eld of 4.65 kV/cm is applied to prevent depoling due
to stress. After energy-harvesting experiments, the cou-
pling factor k; of the 1-3 composite was measured, and
the results showed that the coupling factor of the compos-
ite did not change after the energy-harvesting experiments,
indicating that no depoling occurs under a high-stress level
when the composites are subject to the DC bias “eld.

For comparison, the dependence of the power har-
vested on applied stress le#l is measured using a 1-3
PZT/Epoxy composite (purchased from Smart Material
Corp.) in which soft PZT (PZT-5H) is used. As shown in
the data of Fig. 9(a), when no DC bias is applied to the
composites, a partial depolarization occurs that results in
a much smaller harvested power as the stress amplitude
is reduced (reduction of the coupling factor and piezoelec-
tric coe cient). When a high DC bias “eld is applied, from
the data in Fig. 9(b), the harvested energy is enhanced be-
cause the DC bias prevents the partial depoling of the 1-3
composite during the measurement. The maximum power
density is 12 mW/cc from the 1-3 PZT/Epoxy composite
under a 40 MPa AC stress of 4 Hz.

The results from these studies are summarized in Ta-
ble I. Due to a higher coupling factor, the harvested-energy
density of 1-3 composite with single crystal (22.1 mW/cc
under 40.4 MPa) is about twice of that harvested with
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Fig. 9. Harvested power density versus applied mechanical stress
for a PZT/Epoxy composite with 0.4 volume fraction. Sample di-
ameter, 2 cm and thickness, 1.1 mm. (a) DC bias = 0 V. (b) DC
bias = 5.45 kV/cm. The direction of the stress cycle is indicated in
the “gure.

PZT ceramic 1-3 composite (12 mW/cc under 39 MPa).
At a higher stress level, the havested-energy density of
1-3 PMN-PT single crystal composite can be 96 mWi/cc.
From Table I, when the applied mechanical stress is in-
creased by 88.9/40.4 = 2.2 times, the square dependence
of the output power on the applied stress indicates that
the harvested-energy densityshould be increased by a fac-
tor of 4.8. The result in Table | shows an increase in the
power density of a factor of (96.2/22.1) 4.4, close to 4.8 as
predicted.

It should be pointed out that, because the composites
are insulators, there is very little energy consumption of
the DC power source used toprovide DC bias voltage.
In fact, such a DC voltage source can be provided by the
harvested-electric energy through properly designed power
electronics.
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TABLE |
Summary of the Experimental Results.

Power
Volume  cD, /cE,  Stress  density
Material fraction (GPa) (MPa)  (mW/cc)
1-3 PZT/Epoxy 40% 34821 39 12
composite
é_l\?l ,\ng'sTclrySta' 37.5%  49/12.8  40.4 22.1
56% 60/15.6 88.9 96.2

Epoxy composite

IV. Conclusions

In this paper, 1-3 PMN-PT single-crystal/polymer com-

posites are investigated for energy-harvesting applications.
To make use of the high-strain capability, and hence

the high-energy density, while maintaining mechanical in-

tegrity, 1-3 composites are a preferred form for the single
crystals to be utilized for energy harvesting. The single

crystal PMN-PT/Epoxy compo sites with di erent volume

fraction of single crystals are fabricated and characterized.
The results show that, for a properly designed and fabri-
cated 1-3 single crystal/polymer composite, the thickness
coupling factor k¢, which is used in this energy-harvesting
experiment, can be very close to the longitudinal coupling
factor ks3 of the single crystal. For the experiments con-
ducted in this paper, k; of 1-3 single crystal composite is
0.855, close toksz = 0.9 of the single crystals used in this

study.

In the energy-harvesting experiments, a resistive load
circuit is used to measure the energy harvested. Based on
the piezoelectric constitutive equations, the relations be-
tween the input mechanical strain, stress and harvested

electrical energy density ae derived. For comparison,
the energy-harvesting experiment using 1-3 PZT/Epoxy

composites also is performed. Due to the higher cou-

pling factor, the harvested energy density from 1-3 PMN-
PT/Epoxy composite is about twice of that from the 1-3
PZT/Epoxy. Under a mechanical stress of 88.9 MPa at

4 Hz, a harvested-energy density of near 0.1 W/cc can be
achieved. The experimental results also show that a high
stress (more than 40 MPa) can be applied to 1-3 single
crystal composites without damaging the composites, and

a DC bias “eld applied to the composites is very e ec-
tive in preventing the stress depoling in the composites.
No degradation is observed #er many energy harvesting
cycles under high stress using these 1-3 composites.
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