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of electrostrictive and piezoelectric lead magnesium niobate lead
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The electromechanical performance characteristics of electrostrictive 0.9 PE{blg) O

—0.1 PbTiQ and piezoelectric 0.7 Pb(MgNb,,5) O;—0.3 PbTiQ ceramics have been investigated
under uniaxial stres®r). The results demonstrate that the large-signal electromechanical properties
of electrostrictive ceramics are decreased with increasinghereas those of the piezoelectric are
increased but accompanied by significantly increased hysteretic losse)0&American Institute

of Physics. [DOI: 10.1063/1.1641960

I. INTRODUCTION the vicinity of 15 kV/cm and uniaxial stress requirements of
~5X10" N/m?.
(1—x)Pb(Mgy;sNb,,5) O5— (X) PbTiO; [PMN-PT (1 The purpose of this investigation was to study the effects

—X)/x] crystalline solutions have been investigated for ap-of uniaxial stress on the large-signal electrostrictive and pi-
plications in acoustic transduction. PMN—PT ceramics havezoelectric properties of PMN—PT ceramics. Investigations
been studied for electrostrictive applications<(0.2).!~*  have been performed usifi-E ande—E methods.
Electrostrictive materials have slim-loop quadratic polariza-

tion versus electric field RB—E) and strain versus electric !l EXPERIMENTAL PROCEDURE

field (s—E) responses, whereis proportional toP?, rather Polycrystalline 0.7 Pb(MggNb,;5) O;—0.3 PbTiQ (des-
thanE as in a piezoelectric material. Piezoelectric composiignated as 0.7 PMN—0.3 PT, or piezoelectric PMN3}-Biid
tions of PMN-PT ceramics also exist at higher PT content$) 9 Pb(Mg,5Nb,,3)O;—0.1 PbTiQ (designated as 0.9
(x>0.25)>"" Piezoelectric materials are characterized byPMN—0.1 PT, or electrostrictive PMN—PTnaterials were
hystereticP—E (and e—E) responses. The differences be- fabricated from powders formed using the columbite precur-
tween the electrostrictive and piezoelectric compositions ofor method?® Barlike specimens were cut into dimensions of
PMN-PT are due to differences in the degree of long-range-0.4 cmx 0.4 cmx 1.2 cm. All specimens were electroded
polar ordef In the lower PT content specimens, long-rangewith gold on the ends of the bars. The piezoelectric 0.7
polar order does not develop, rather relaxor ferroelectri®MN—0.3 PT bars were then poled to a full remanent state
characteristics are observed. Relaxors have a strong frgyior to testing, however the electrostrictive 0.9 PMN-0.1
quency dispersive dielectric resporisét and polar clusters PT bars are relaxor ferroelectrics, and cannot be remanently
or nanodomain&?*® In the higher PT content specimens, poled.
long-range polar order develops upon cooling through a  Unipolar P—E measurements were made using a modi-
ferroelectric phase transition and normal micron-sized ferrofied Sawyer—Tower bridge, by applying a dc bias of 6.5
electric domains exi<. kV/cm and a superimposed ac drive of 13 kV/cm. The elec-
Recent investigations have focused on using PMN—pfrostrictive PMN—PT is nonremanent, so the zero point of
as a high-energy density electroacoustic projector/sdﬁrce.the_ polanzauo_n is its na_ttural state under zero field. The_zero
The acoustic energy density is enhanced with increasing PROINt Of the piezoelectric 0.7 PMN-0.3 PT was determined

content, with the optimum performance occurring near thé’y dmeasbqrinlg tze_ satlfjrla?t’i(l)(r\}/polariz;tioﬁsé 0.3|_4dC/n’f‘.) ial
morphotropic phase boundaty. Unfortunately, this en- under:a bipofar crve o cm and zero applied uniaxia

hanced performance is accompanied by higher hysteret%tress' ThEP._E data for the piezoelectric 0.7 P.MN_O'S PT
. . > under uniaxial stress was then referenced to this valur, of
losses. In acoustic transducer applicatibhsiniaxial pre-

. o . In addition, e—E measurements were simultaneously per-
stress inherently needs to be used. This is an important ,fe‘?()rmed using a strain gauge. Strain gauges were mounted on

ture of electrostrictive and piezoelectric PMN-PT ceramicsy o ide of the bars and a mechanical load was applied along
that needs to be investigated. Currently, it is not known how[he length of the bar using a pneumatic cylinder. These mea-
these materials will perform under conditions required forsurements were performed using a drive frequency of 10 Hz
acoustic transducer design, which has an upper field limit iy avimum applied field strengths of 13 kV/cm. Measure-
ments were performed as a function of mechanical prestress
¥Electronic mail: viehland@mse.vt.edu between 0 and 810" N/m?.
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Ill. RESULTS nearly the same at afl investigated. However, the electros-

trictive ceramics did not exhibit stress-induced changes in
. ~ P.. This is because electrostrictive PMN-PT is a relaxor
Figure ¥a) shows theP—E response of an electrostric- ferroelectric®*® Upon removal ofE, relaxors inherently

tive 0.9 Pb(Mg/sNb,/3) O3—0.1 PbTiQ ceramic taken under thermally depole into a polar cluster or nanodomain
unipolar drive at various-. Figure Xa) reveals a decrease in state®12:13

P with increasingo for E<13 kV/cm. For exampleR at 13
kV/icm, P13 kyicm), decreased from-0.22 C/nt under small
o to ~0.18 C/nt for 0=9%x 10" N/m?. Figure 1b) shows
the e—E response under various Figure 1b) also shows a The large-signal longitudinal piezoelectric constaiys]
decrease ire with increasingo. The value ofe under 13  can be calculated from the average slope ofdh& curve,
kV/em, & (13 kviem), decreased from-9x 10 % under smalr  i.e.,dg3=As/AE. This is a linear approximation which, ac-
to ~7x104 for o=9x10" N/m?. For electrostrictive cordingly, has a limitation but is often used for materials
PMN-PT ceramics, these results clearly demonstrate a superformance estimation in transducer applications. Figure 3
pression of the induced polarization and strain with increasshows the large-signalk; as a function otr for the electros-
ing o. trictive and piezoelectric PMN—PT ceramics.

Figure 2a) shows theP—E response for a piezoelectric The value of the large signdk; can be seen to decrease
0.7 Pb(Mg,3sNb,,5) O3—0.3 PbTiQ ceramic taken under uni- with increasingo for the electrostrictive PMN—-PT. Fow
polar drive at variouss. Figure 2a) reveals a significant <2x10" N/m?, ds3 was relatively independent of. How-
change inP, with increasingo. The value ofP, increased ever, aso was further increased],;; varied between 750
from ~0.26 C/nf under small loads te-0.16 C/nf under pC/N ato=0 to 600 pC/N ato=9%10" N/m?. This de-
6x 10" N/m?. Figure 2Zb) shows thes—E response under crease was due to the decreasesiwith increasingo, as
variouso. Figure 2b) demonstrates a decrease in the remashown in Fig. 1b). However, for piezoelectric PMN—PT, the
nente (e,) with increasingo. The value ofe, decreased value ofds; can be seen to increase with increasinglhe
from ~7.5x 10 * under smallo to approximately zero un- value ofds; varied between 500 pC/N at=0 N/n? to 1100
der c=6x10" N/m?. pC/N ato=9x10" N/m?.

For piezoelectric PMN—PT ceramics, the data in Fig.  The results in Fig. 3 show that for<2x 10" N/m?
2(a) show thatP, decreases with increasing indicating a  (which is a modest stress for transducer desitirat the
partial breakdown of ferroelectric order under A signifi-  large-signalds; is higher for the electrostrictive PMN—PT,
cant increase in hysteretic loss was found to accompanselative to the piezoelectric one. For the piezoelectric ce-
these changes. Also, an increase in the slopes ottt  ramic, the pronounced increase @f; (>1000 pC/N with
curves with increasingr was found forE<5 kV/cm, how- increasingo has promise for electromechanical applications.
ever, forE>5 kV/cm, the slopes of the—E curves were However, this increase id;; was accompanied by a signifi-

A. Dependence of P-E and &-E responses on o

B. Dependence of the large-signal di;; on o
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Loss Factor

Viehland et al. 1971
0.4 . ; — ;
03} Piemeryﬂh:l J
. ]
02} / ]
...-l n
0.1} Electrostrictive 1
9
e —© =9
00 1 i L i 1 i 1 i 1 i
0 2x10"  4x10° 6x10" 8x10"  1x10°

Uniaxial Stress, o (N/m?)

FIG. 4. Hysteretic loss as a function affor electrostrictive PMN—PT and
(b) piezoelectric PMN—PT ceramics.

cant increase in hysteretic loss factor. The hysteretic energy 2.25< 107 1% C/N and 7.4< 10'° N/m?. Thus, the value of
loss was estimated by integrating the area ofRheE loops
using Greene’s theorem. The loss factor was then calculated Figure 5 shows the acoustic energy denéityd/nT) as a

by dividing the energy loss by the stored electrical energyfunction of o for electrostrictive and piezoelectric PMN—PT.

1/2PE. Figure 4 shows the hysteretic loss factor as a funcfor electrostrictive PMN—PT, the acoustic energy density

Eps7.¢ Can be estimated as 2108 J/for E=13 kV/cm.

tion of o for electrostrictive and piezoelectric PMN—PT. The can be seen to decrease with increasinghe energy den-
loss factor of the piezoelectric PMN—PT is much higher tharsity is 2.5< 10" J/n? for ¢<2x 10" N/m?, whereas ator
for the electrostrictive, in addition the hysteretic loss of =9x 10" N/m? it is 1.5x 10* J/n?. For piezoelectric PMN—

piezoelectric PMN—PT increased significantly with increas-PT, the acoustic energy density increases dramatically with

ing o.

factor of piezoelectric PMN—PT ceramics clearly illustrate tunately, this significant increase in energy density is accom-
an upper limit of the high-power drive conditions. It is im- panied by a significant increase in hysteretic loss, as dis-

increasingo. The energy density is>810° J/n? under small
The results presented in Fig. 4 for the hysteretic lossy, whereas it is 4.5 10* J/n? at o=9x 10" N/m?. Unfor-

portant to note that these calculations of the loss factor wereussed above.
determined for operating loops of a transducer material bi-
ased at 6.5 kv/cm and drove between zero and 13 kV/emp, pependence of the large-signal electromechanical
Other drive conditions would result in different loss factors. coupling coefficient on o

The advantages of higher piezoelectric constants are offset

by problems in thermal stability, similar to that for soft PZT

The electromechanical coupling coefficiekt) at vari-

piezoelectric ceramics. However, the hysteretic loss for th&UYS uniaxial loads can be calculated as;

electrostrictive PMN—PT does not strictly impose such limi-
tations on high-power applications at lower drive frequen-

cies. Recent investigations have shown that the hystereti
losses of electrostrictive PMN—PT can be further reduced.s—
under high-power drive by improved process control and £

substituent modificatiof’

C. Dependence of acoustic energy density on o

By convention, the acoustic energy density is defined

as1®19

Eelasic= 1/2Y18r2ms: 1/4Y1821
=1/4Y,d5,E2,

whereY; is Young’'s modulus. The acoustic energy density
of the standard PZT-8Hp,7.g) is calculated by assuming a

(1a
(1b)

Acoustic Energy (J
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linear piezoelectric response over the operational field rangeyc. 5. acoustical energy density as a function @ffor electrostrictive

i.e.,e=dgsE. The values ofl;; andY, for PZT-8 are equal

PMN-PT and piezoelectric PMN—-PT ceramics.
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acoustic energy density of 4.5x 10* J/n? is achievable for
piezoelectric PMN—PT ceramics under higherHowever,
0.2l 1 to achieve this performance, unrealistic hysteretic losses
need to be tolerated. The only way to reduce the hysteretic
losses of piezoelectric PMN—PT is to use oriented crystals,
which have been shown to have much lower losses and are
close to those reported here for electrostrictive PMNZPT,
Uniaxial Stress, o (N/mz) Transducer designs should be able to rely on electrostrictive
PMN-PT ceramics for  10* J/n? more energy density, a
FIG. 6. Large-signal coupling coefficienk4) as a function ofr for elec- k55 of 0.5, and moderate losses under operational conditions
trostrictive PMN—PT and piezoelectric PMN—PT ceramics. of o<2x10" N/m2. If higher coupling is required at this
high-energy density and low loss factor, the only way to
k§3= d§3Y1/(soK), 7 achieve it is by use of oriented PMN—-PT piezoelectric crys-
tals.
where gy, is the permittivity of free space (8.85
X 10" 12 F/m), K is the relative dielectric constant, adg, is
the longitudinal piezoelectric coefficier{ can be approxi-
mated from theP—E response over a quasi-linear range as  This research was supported by the Office of Naval Re-
SPISE, and dg; can be approximated over a quasi-linearsearch under Grant Nos. N000140210340, N000140210126,
range asds/ SE, both of which have limitations. Quasi-linear and MURI N000140110761.
approximations were performed for &, of 8 kV/cm and
anE,cof 4 kvicm. The value off; can be determined from 15 jang, ph.D. dissertation, The Pennsylvania State University, State Col-
measurements of the-o response. Accordingly!; was de- lege, 1979.
termined at various dc bias level&€{) by stress—strain §<K3 Scnmidtéppgssi Ttrarsit_iogfl 14237(1199990-
(e~0) measurements. The-o curves were linear andf, 4W. Pgr:?gh.lg.ldiss:rteat%rr:?Thg Pergnsyl?;énia State University, State Col-
was calculated from the slopesBj.=8 kV/cm. lege, 1988.
The value ofkgz as a function ofo is shown in Fig. 6. 5N. Kim, Ph.D. dissertation, The Pennsylvania State Univers, State Col-
For electrostrictive PMN—PTK,; can be seen to decrease _'ege, 1989.

6 .
with increasingo from ~0.55 ato=0 N/n? to ~0.47 ato Zﬁ?&%lg’ Z. Chang, N. Kim, and S. Markgrat, Ferroelectr., Lett. SEL.
— \/ 2 H i :

=9X 10" N/m¢. For piezoelectric PMN—PK33 can be seen 7y H._chen, D. Viehland, and K. Uchino, Jpn. J. Appl. Phy&000.

to increase with increasing from ~0.60 ato=0 N/n? to 8D. Viehland, M. Kim, Z. Xu, and J. Li, Appl. Phys. Let67, 2471(1995.
~0.75 atc=9x 10" N/m2. The value ofkgs for hard PZT °G. Smolenskii and A. Agranovskaya, Sov. Phys. Solid Statel429

1.0 — 77— difference is due to a breakdown of ferroelectric order in
= piezoelectric PMN—PT with increasing, whereas electros-
0 ; ; trictive PMN—PT naturally returns to a polar nanodomain

. 08F Piezoelectric -
o — —m state upon removal .
) f/'_,./ Electrostrictive PMN—-PT has advantages over conven-
L o6} m—=N S tional “hard” PZT in acoustic energy density, but has re-
= S—0——9-__ gHechclG | duced bandwidth. Piezoelectric PMN—PT has advantages in
8 04 T e both acoustic energy density and bandwidth. A much higher
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