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Abstract

Fused deposition of multimaterials (FDMM), a CAD-based layered manufacturing technique, was utilized to fabricate monolithic piezoelec-
tric/electrostrictive multimaterial monomorphs. The samples, comprised of piezoelectric 0.65Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 and electrostric-
tive 0.90Pb(Mg1/3Nb2/3)O3-0.1PbTiO3, have been successfully prototyped and co-sintered. Bimorphs, that are isometric with the co-fired
samples, have also been prepared by attaching individual piezoelectric and electrostrictive layers with conductive epoxy, and were used as
a comparison for displacement properties. The dielectric permittivity, displacement, and polarization hysteresis were investigated. The per-
mittivity of the multimaterial co-sintered samples followed the two-capacitors in-series model, showing a dielectric constant of 5800 at room
t etween that
o eresis was
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emperature. The P–E loop of the multimaterial samples exhibited a saturation polarization, remnant polarization, and hysteresis b
f the single material electrostrictive 0.9PMN-0.1PT and the single material piezoelectric 0.65PMN-0.35PT. Displacement hyst
hown to be lower for the monolithic monomorph as compared to the bimorph and reached∼11�m at∼3 kV/cm.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Piezoelectric unimorph and bimorph bender actuators are
mployed for applications that require large displacement
utput, typically∼35�m.1 In conventional designs, these
ctuators consist of two piezoelectric active layers that are
echanically in parallel and electrically in series; and are
onded together by a non-active layer such as epoxy.3 Since

he non-active bonding layer is typically a material of high
lastic compliance (i.e. epoxy), the appertaining interface
trength is known to be rather weak.1 As a consequence,
he non-active bonding layer is mostly the cause of failure in
imorph actuators because they act as prolific sites for crack
ucleation, and crack growth under piezoelectrically-induced
trains. Ultimately, the actuator fails due to delamination at
he interface.

Some strides have been made to circumvent the delamina-
ion problem while keeping the strain output as high as possi-
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ble in bimorph actuators, as exemplified by the developm
of reduced and internally biased oxide wafer (RAINBO
by Haertling et al.2 The RAINBOW actuator is comprise
of a non-active Pb-rich metallic layer, which is produced
partial carbothermic reduction of a given Pb-based pi
electric ceramic at elevated temperatures. The reduced
which is electrically conductive, and adds an overall st
gradient to the sample, mechanically constrains the p
electrically active layer, thereby enhancing the transvers
placement. While the in situ biaxial mechanical clampin
believed to be the main reason for the enhanced displace
in such actuators, it is the very phenomenon for prema
failure.

For piezoelectric bimorphs to generate opposite st
in the thickness direction; piezoelectric bimorphs are
figured to operate either in series or in parallel electrica3

Under an applied electric field, a stress discontinuity is
erated at the interface between two piezoelectric active
ers. The reliability of the bimorph is largely dependent
the selection of the epoxy, the uniformity of the bond
layer, and the cleanliness of the surfaces of the ceram
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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elastic plate before bonding.4 Soft piezoelectrics materials
are more appealing for actuators applications because of their
lower coercive fields (Ec), relatively low modulus of elastic-
ity (Yij ), and high piezoelectric strain coefficients (dij ) albeit
their relatively higher dielectric loss (tanδ) in contrast to hard
piezoelectrics.5 While soft polycrystalline piezoelectrics ex-
hibit longitudinal piezoelectric strain coefficients (d33) as
high as 700 pC/N, they are intrinsically limited in tanδ (∼3
to 4%) due to easy domain wall motion.6 Electrostrictive
ceramics, on the other hand, exhibit non-hysteretic behav-
ior, since spontaneous polarization is absent in such ma-
terials. Furthermore, electrostrictive ceramics can produce
large field-induced strains (xi) as it is a second order ef-
fect, i.e.xi ∝ E2

j (i = 1 to 6, j = 1 to 3).6 Electrostrictive ce-
ramics, therefore, are most amenable in high strain actuator
applications.

The focus of the present study is to develop a multimaterial
monomorph and to investigate the electromechanical proper-
ties of co-sintered piezoelectric and electrostrictive bending
actuators. For these types of actuators, a transverse strain
differential can be generated similar to that of a bimorph
when operated under a unipolar electric field as shown in
Fig. 1. In the present study, we have chosen the perovskites
Pb(Mg1/3Nb2/3)O-PbTiO3, 0.65PMN-0.35PT and 0.9PMN-
0.1PT, which are piezoelectric and electrostrictive, respec-
t ique
c el-
o no-
l icu-
l and
s ir of
m re is
t ed
p also
t hile
r ical
d

Fig. 1. Typical bender configuration used in the present study, (a) application
of an electric field causes a transverse differential strain�x; (b) transverse
differential strain cause tip deflection due to the cantilever configuration.

2. Experimental procedure

2.1. Actuator fabrication

Two compositions of PMN-PT, piezoelectric 0.65PMN-
0.35PT and electrostrictive 0.9PMN-0.1PT were used
in fabricating multimaterial monomorph actuators. The
0.65PMN-0.35PT and 0.9PMN-0.1PT ceramic powder (TRS
Ceramics, PA, USA),∼2 to 3�m in average particle size,
were used to synthesize filament feedstock for the fused de-
position of multimaterials (FDMM) process.7–9 As shown in
Fig. 2, the FDMM technique enables the creation of layered
manufacturing of 3D ceramic objects generated directly from
a computer-aided design (CAD) file. The CAD file is con-
verted into a QuickSliceTM file (Stratasys Inc., Eden Prairie,
MN), which sends a tool path file to the FDMM machine
for fabrication. The feedstock filament composed of both

F in this enables t
c

ively. We have utilized a layered manufacturing techn
alled fused deposition of multimaterials (FDMM), dev
ped at Rutgers University, to fabricate multimaterial mo

ithic monomorphs. Both of these materials are of part
ar interest due to their compatible thermal expansion
intering behavior, and hence, constitute an ideal pa
aterials to accomplish co-sintering. The purpose he

o impart more reliability by eliminating interface relat
roblems5 in such actuators delineated previously, and

o benefit from both electrostrictive low hysteresis w
etaining if not improving the generated electromechan
isplacement.

ig. 2. The Rutgers fused deposition of multimaterials system used
o-deposition of up to four different materials.
study, showing the head assembly with four delivery systems whichhe
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ceramic powders and polymer is fed into a heated liquefier
(134◦C) by way of counter rotating rollers. The softened ma-
terial is subsequently extruded through the nozzle (500�m
in diameter) and deposited in a layer-by-layer fashion onto
the platform (stage). The tool path file controls theX–Yplane
motion of the liquefier, and theZ-direction of the stage.

Two feedstocks filament of 0.65PMN-0.35PT and
0.9PMN-0.1PT powders were prepared. The first step in fil-
ament fabrication is the coating of PMN-PT powders with
3 wt% of stearic acid surfactant. The surfactant coats the
powders aiding dispersion of ceramic powders in the poly-
mer (binder). For the FDMM process, it is important that the
binder provides strength, flexibility, and stiffness to the feed
filament. Consequently having these properties, the filament
acts as a piston for the liquefier and extrudes the material
through a 500�m round nozzle. The polymer that was used
in this process is called ECG-9 binder formulated at Rutgers
University.8 It is composed of four components consisting of
a base binder, tackifier, wax, and plasticizer.

For this study, we chose to co-sinter two materials,
0.65PMN-0.35PT and 0.9PMN-0.1PT, of the same com-
positional family with similar thermal expansion coeffi-
cient (∼10× 10−6/◦C) to alleviate co-sintering problems.
By employing specific solids loading content of 57.5 vol.%
for 0.65PMN-0.35PT and 54.5 vol.% for 0.9PMN-0.1PT,
the differences between the sintering shrinkage were
m
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The displacement of the actuators was determined as a
function of applied E-field strength with a differential vari-
able reluctance transducer (Microstrain Inc., Burlington, VT,
USA). The capacitance and dissipation factor of the samples
were measured at 1 kHz in the temperature range 0–210◦C
in an environmental chamber (Delta Design, Model 9023,
Poway, CA, USA) using an impedance gain/phase analyzer
(HP 4194, Hewlett Packard, Palo Alto, CA, USA). The po-
larization versus E-field measurements was carried out by
using Radiant Precision LC system (Radiant Technologies,
Albuquerque, NM, USA). Piezoelectric coefficients were di-
rectly obtained using a Berlincourtd33 piezometer (Channel
Products Inc., CA, USA).

3. Results and discussion

Fig. 3a shows a scanning electron microscope (SEM)
image of a multimaterial monomorph sample, containing
0.65PMN-0.35PT (left) and 0.9PMN-0.1PT (right). The X-
ray line profile, as shown inFig. 3b, was generated from an
energy dispersive spectrometer (EDS) attached to the SEM.
The line scan provides a qualitative analysis of material con-
centrations of Pb, Mg, Nb, and Ti from the left to the right
side of the sample. Analysis of the data indicates a higher con-
centration of Ti on the left side of the scan in the 0.65PMN-
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In the fabrication of 50/50 vol% multimateri

onomorph actuators, six layers of 0.65PMN-0.3
ere deposited first, followed by another six layers
.9PMN-0.1PT. The green samples had undergone a b
emoval cycle up 550◦C, slow enough to safely remove t
rganics without damaging the integrity of the part. A
inder removal, the samples were co-sintered (co-fire
150◦C for 2 h. The average final dimensions were 26

n length by 11 mm in width, and 2.3 mm in thickness.

.2. Actuator characterization

Sintered samples were cut and polished for the observ
f microstructure using a scanning electron microscope,
Amray 1400, Medford, MA), equipped with an Energy D
ersive Spectrometer (EDS). Samples were also exam
nder an Olympus Optical Microscope (Olympus Amer

nc., Melville, NY) 20× magnification.
The samples were electroded with silver epoxy, and

oled in the thickness direction in a silicon oil bath with
lied 20 kV/cm field strength for 20 min at room temperat
he electromechanical properties were characterized an
lacement comparisons were made with glued multimat
amples, which were obtained by simply attaching the p
lectric and electrostrictive layers together using condu
poxy (Chemtronics Inc., Hartford, CT). In the glued
orph specimens, the piezoelectric 0.65PMN-0.35PT
as first poled, and then glued onto the electrostrictive l
ith a conductive epoxy resin.
.35PT regions, and a decrease in Ti concentration a
can continues into the 0.9PMN-0.1PT region. This an
is is consistent with the difference in PT content betw
he two materials. At around 1.2 mm into the sample, t
s a gradual drop in the Ti profile, indicating the location
he thickness of the interface. Optical microscope dat
hown inFig. 3c, supports this data, as an interface is evi
etween the two materials at lower magnification (20×).

Fig. 4shows the relative permittivity (K33) and loss tangen
tanδ) as a function of temperature at 1 kHz for piezoelec
.65PMN-0.35PT and electrostrictive 0.9PMN-0.1PT.
elative permittivity versus temperature plot for 0.65PM
.35PT displayed a ferroelectric–paraelectric phase tr

ion at 175◦C with Kmax ∼41,000. The room temperatu
RT)K33 is ∼3500 (a tetragonal crystal structure), while
oss tangent is∼2.5% (Fig. 4a). On the other hand, at roo
emperature the 0.9PMN-0.1PT was found to be para
ric (cubic crystal structure), with a ferroelectric–paraelec
FE–PE) phase transition around∼20◦C, and a maxi
um relative permittivity (Kmax) of 21,000 at the trans

ion temperature. The dielectric loss is 1% from 200◦C
own to 50◦C, and increases to 11% at the onset of

erroelectric–paraelectric phase transition. TheK33 at RT is
19,000.
Fig. 5shows temperature dependence of the relative

ittivity (K33) for multimaterial monomorph composed
0 vol.% piezoelectric to 50 vol.% of electrostrictive PM
T measured at 1 kHz. Included inFig. 5is the calculated d
lectric response as a function of temperature. These c
epict a 2-2 composite (a configuration where the main p
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Fig. 3. (a) SEM image of multimaterial monomorph: 0.65PMN-0.35PT on the left and 0.9PMN-0.35PT on the right; (b) EDS- X-ray line profile from right to
left of the SEM image of Pb, Nb, Ti and Mg across the multimaterial monomorph sample; (c.) 20× optical microscope digital image: 0.65PMN-PT on the top
and 0.9PMN-0.1PT on the bottom.

of two phases are parallel to the electrodes) for comparison.
The dielectric response of the composite is modeled in ac-
cordance to the two capacitors in series model, such as the
one considered in this study is given by Eq.(1) 10,11:

K33effective = K′
33K

′′
33

K′
33V2 + K′′

33V1
(1)

whereV1andV2 are the volume fractions,K′
33 andK′′

33 are the
relative permittivity of the piezoelectric and electrostrictive
phases, respectively, andK33effective is the relative permittiv-
ity of the composite.10,11For instance, for the multimaterial
monomorphs considered in this work the volume fraction is
0.5 for each phase, with the piezoelectric (0.65PMN-0.35PT)
havingε1 of 3550 and the electrostrictive (0.9PMN-0.1PT)
ε2 ∼17,000 measured at room temperature. As shown in
Fig. 5the calculated effective relative permittivity of the mul-
timaterial monomorph at room temperature is 5400, which is
about 7% deviation from the experimental measured permit-
tivity value of 5800. TheK33 of the experimentally measured
multimaterial monomorph reached a maximum value of 7100

at∼65◦C, while the calculated valued had reached to 6600 at
the same temperature. A slight shoulder is revealed at 175◦C,
which is attributed to the ferroelectric–paraelectric phase
transition of the piezoelectric 0.65PMN-0.35PT composition
of the monomorph. It seems likely that 50/50 composite of
piezoelectric and electrostrictive materials yield an effective
relative permittivity that is a combination of both proper-
ties. In this case, they are effectively like two capacitors in
series.11The calculated data of the multimaterial monomorph
generated from the two-capacitor in-series model is within a
reasonable agreement to the experimental data.

Fig. 6 depicts the 0.65PMN-0.35PT with typical ferro-
electric behavior of remnant polarization,Pr = 30�C/cm2,
polarization saturation,Psat, of 33�C/cm2 at 13 kV/cm,
and a coercive fieldEc of 5 kV/cm. Whereas, the 0.9PMN-
0.1PT has zero remnant polarization andPs = 20�C/cm2

at 13 kV/cm with no hysteresis, which is typical behav-
ior of electrostrictive materials. At temperatures above their
phase transition temperatures, electrostrictive materials that
exhibit strains (0.1 to 0.2%) proportional to the square of
the electric fields, have phase transition temperatures lower
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Fig. 4. Relative permittivity and loss tangent vs. temperature traces for (a)
0.65 PMN-0.35PT at 1 kHz; (b) 0.9PMN-0.1PT at 1 kHz.

than room temperature, coercive fields less than 1 kV/cm,
and no hysteresis.12 The conventional polarization versus
electric field behavior is due to polarization re-orientation,
which is caused by the change of ferroelectric domain status
upon an applied electric field. Since electrostrictive 0.9PMN-
0.1PT does not posses spontaneous polarization and the curie
temperature is below room temperature, there are no ferro-
electric domains for switching purposes.12 The multimate-

Fig. 5. Relative permittivity vs. temperature for multimaterial PMN-PT, the
curves show the experimental and calculated data. The latter was computed
f

Fig. 6. P–E hysteresis loops for 65/35PMN-PT-single material, 90/10 PMN-
PT single material, and 1:1 PE monomorph.

rial monomorph has aPsat= 24�C/cm2, a remnant polariza-
tion Pr = 9�C/cm2, and a coercive field,Ec, of 3.0 kV/cm.
ThePsat for the co-fired monomorph is close to that of the
pure piezoelectric phase, while thePr is drastically reduced.
The advantage of the multimaterial monomorph is that the
monomorph has lower hysteresis due to the electrostrictive
contribution.

For comparison purposes, a bimorph sample has been
made. A transverse strain differential, which causes the tip
deflection in the cantilever configuration, is generated similar
to that of a bimorph when operated under a unipolar electric
field. In the case of the multimaterial monomorph actuators
the differential transverse strain is given by:

�x31 = d31E3 + M12E
2
3 (2)

where �x31 is the differential strain dictating the tip de-
flection for a given actuator length,d31 is the transverse
piezocharge coefficient of the piezoelectric, andM12 is the
transverse electrostrictive coefficient of the electrostrictor in
electric field notation. Furthermore, when the direction of
the applied electric field is in the same direction as that of the
poling direction of the piezoelectric material, then maximum
displacement is observed. Otherwise, if the electric field is
applied opposite the poling direction, less displacement is
seen over several cycles were depoling develops within the
s field
i lec-
t ince
t n of
t yers
a ified
f s is
a -
t

ph
s t of
t nt of
rom the relative permittivity of individual materials.
ample. In this case, it is desirable to apply the electric
n the same direction as the poling direction of the piezoe
ric constituent (eliminating the aspect of depoling). S
he electrostrictive strain is independent of the directio
he electric field, the piezoelectric and electrostrictive la
re going to strain in the same direction. As can be ver

rom Fig. 7, the displacement of both types of actuator
symmetric in accordance to Eq.(2), which is an odd func

ion.
As shown inFig. 7, the deflection of the glued bimor

ample was found to be three times higher than tha
he multimaterial monomorph sample. The displaceme
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Fig. 7. Deflection vs. electric field (kV/cm) for the multimaterial co-fired
monomorph actuator compared to the bimorph actuator.

the multimaterial monomorph actuator was 11�m under
3 kV/cm electric field. The origin of the enhanced displace-
ment of the bimorphs (connected in series) in comparison
to the co-sintered monomorph can be traced back to the
poling of such actuators. In the bimorph, the piezoelectric
0.65PMN-0.35PT plate is poled to saturation prior to attach-
ing it to the electrostrictive 0.9PMN-0.1PT plate. Thed33
of the piezoelectric 0.65PMN-0.35PT plates was measured
as 600 pC/N. As a result, the bimorph effective piezoelectric
charge coefficient,d33, was measured to be∼300pC/N using
the Berlincourt piezometer. The co-sintered monomorph had
an effective piezoelectric charge coefficient slightly lower
(∼200 pC/N) than the bimorph. A plausible explanation
for the lower effectived33 coefficient for the multimaterial
monomorph may be attributed to compressive stresses. Since
it is a co-sintered multimaterial monomorph, residual stresses
that develop during the cooling process may cause compres-
sive stresses to facilitate ferroelastic non-180◦ domain wall
switching in the piezoelectric material, which would drive
depolarization processes. Similar principles was discussed
by Lynch,13 where he measured the polarization and strain
versus electric field hysteresis loops for PLZT ceramics at
various compression preloads levels up to−60 MPa. In his
experiments, he observed that when the field is reduced at
constant stress, the material began to depole, resulting in
lower piezoelectric coefficients.13Also, Zhou et al. have stud-
i iezo-
e ded
t
p ates
t high
s an
e com-
p ot
m tor as
i ts of
i f co-

fired and multimaterial bimorph actuators. More research is
in progress to investigate this topic.

Also as shown inFig. 7is less hysteresis in multimaterial
monomorph samples as compared to the glued-bimorph. The
displacement hysteresis and/or the positioning accuracy that
accompany bimorph actuators are at a disadvantage. There-
fore, multimaterial monomorph actuators incorporating an
electrostrictor seem to be a good candidate for better posi-
tioning accuracy and lower mechanical losses. Furthermore,
low mechanical losses and low dielectric losses are needed
to achieve a longer life span of the actuators.15,16Hence, the
loss could in principle be reduced by the careful selection of
the type and volume fraction of the electrostrictor in multi-
material actuators.

4. Conclusion

Multimaterial piezoelectric and electrostrictive PMN-PT
monomorph actuators were successfully co-sintered, and
shown to possess interesting electromechanical properties
with potential use as bending actuators. The use of piezo-
electrics and electrostrictors in combination in such bend-
ing actuators reduced the mechanical losses inherent to their
piezoelectric counterparts, while maintaining appreciable tip
displacement at reasonable field levels. The maximum tip
d been
f d
m ieve
t lower
w etic
b

A

ided
b un-
d igher
E

R

H.,
ctric

the

lin-
under

lysis

dis-
c ce-
ed the uniaxial compressive stress dependence of the p
lectric performance of soft PZT ceramics. He conclu

hat when the compressive stress is higher than−200 MPa the
iezoelectric coefficients become very small, which indic

hat there is hardly any piezoelectric effect under such
tress preload conditions.14 However, he also observed
nhanced piezoelectric performance induced by small
ressive stress (less than−10 MPa) preload. We have n
easured the internal stresses in the multilayer actua

t is beyond the scope of this study. However, the effec
nternal stresses are prevalent from the comparison o
isplacement for co-sintered monomorph actuators has
ound to be 11�m at∼3 kV/cm. Even though for the co-fire
ultimaterial monomorph the displacement does not ach

he same amount as the glued bender, the hysteresis is
hich is desirable for applications requiring non-hyster
ehavior.
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