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The electromechanical performance characteristics of electrostrictive 0.9 Pb(Mg1/3Nb2/3)O3
– 0.1 PbTiO3 and piezoelectric 0.7 Pb(Mg1/3Nb2/3)O3 – 0.3 PbTiO3 ceramics have been investigated
under uniaxial stress 共兲. The results demonstrate that the large-signal electromechanical properties
of electrostrictive ceramics are decreased with increasing , whereas those of the piezoelectric are
increased but accompanied by significantly increased hysteretic losses. © 2004 American Institute
of Physics. 关DOI: 10.1063/1.1641960兴

I. INTRODUCTION

(1⫺x)Pb(Mg1/3Nb2/3)O3 – (x)PbTiO3
关 PMN–PT (1
⫺x)/x 兴 crystalline solutions have been investigated for applications in acoustic transduction. PMN–PT ceramics have
been studied for electrostrictive applications (x⬍0.2). 1– 4
Electrostrictive materials have slim-loop quadratic polarization versus electric field ( P – E) and strain versus electric
field ( – E) responses, where  is proportional to P 2 , rather
than E as in a piezoelectric material. Piezoelectric compositions of PMN–PT ceramics also exist at higher PT contents
(x⬎0.25). 5–7 Piezoelectric materials are characterized by
hysteretic P – E 共and  – E) responses. The differences between the electrostrictive and piezoelectric compositions of
PMN–PT are due to differences in the degree of long-range
polar order.8 In the lower PT content specimens, long-range
polar order does not develop, rather relaxor ferroelectric
characteristics are observed. Relaxors have a strong frequency dispersive dielectric response,9–11 and polar clusters
or nanodomains.12,13 In the higher PT content specimens,
long-range polar order develops upon cooling through a
ferroelectric phase transition and normal micron-sized ferroelectric domains exist.8
Recent investigations have focused on using PMN–PT
as a high-energy density electroacoustic projector/source.14
The acoustic energy density is enhanced with increasing PT
content, with the optimum performance occurring near the
morphotropic phase boundary.5–7 Unfortunately, this enhanced performance is accompanied by higher hysteretic
losses. In acoustic transducer applications,15 uniaxial prestress inherently needs to be used. This is an important feature of electrostrictive and piezoelectric PMN–PT ceramics
that needs to be investigated. Currently, it is not known how
these materials will perform under conditions required for
acoustic transducer design, which has an upper field limit in
a兲
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the vicinity of 15 kV/cm and uniaxial stress requirements of
⬃5⫻107 N/m2 .
The purpose of this investigation was to study the effects
of uniaxial stress on the large-signal electrostrictive and piezoelectric properties of PMN–PT ceramics. Investigations
have been performed using P – E and  – E methods.
II. EXPERIMENTAL PROCEDURE

Polycrystalline 0.7 Pb(Mg1/3Nb2/3)O3 – 0.3 PbTiO3 共designated as 0.7 PMN–0.3 PT, or piezoelectric PMN–PT兲 and
0.9 Pb(Mg1/3Nb2/3)O3 – 0.1 PbTiO3 共designated as 0.9
PMN–0.1 PT, or electrostrictive PMN–PT兲 materials were
fabricated from powders formed using the columbite precursor method.16 Barlike specimens were cut into dimensions of
⬃0.4 cm⫻0.4 cm⫻1.2 cm. All specimens were electroded
with gold on the ends of the bars. The piezoelectric 0.7
PMN–0.3 PT bars were then poled to a full remanent state
prior to testing, however the electrostrictive 0.9 PMN–0.1
PT bars are relaxor ferroelectrics, and cannot be remanently
poled.
Unipolar P – E measurements were made using a modified Sawyer–Tower bridge, by applying a dc bias of 6.5
kV/cm and a superimposed ac drive of 13 kV/cm. The electrostrictive PMN–PT is nonremanent, so the zero point of
the polarization is its natural state under zero field. The zero
point of the piezoelectric 0.7 PMN–0.3 PT was determined
by measuring the saturation polarization ( P s ⫽0.34 C/m2 )
under a bipolar drive of 13 kV/cm and zero applied uniaxial
stress. The P – E data for the piezoelectric 0.7 PMN–0.3 PT
under uniaxial stress was then referenced to this value of P s .
In addition,  – E measurements were simultaneously performed using a strain gauge. Strain gauges were mounted on
the side of the bars and a mechanical load was applied along
the length of the bar using a pneumatic cylinder. These measurements were performed using a drive frequency of 10 Hz
at maximum applied field strengths of 13 kV/cm. Measurements were performed as a function of mechanical prestress
between 0 and 9⫻107 N/m2 .
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FIG. 1. Unipolar P – E and  – E responses for electrostrictive PMN–PT
ceramics as a function of uniaxial
stress between 0 and 9⫻107 N/m2 . 共a兲
P – E response, and 共b兲  – E response.

III. RESULTS
A. Dependence of P – E and  – E responses on 

Figure 1共a兲 shows the P – E response of an electrostrictive 0.9 Pb(Mg1/3Nb2/3)O3 – 0.1 PbTiO3 ceramic taken under
unipolar drive at various . Figure 1共a兲 reveals a decrease in
P with increasing  for E⬍13 kV/cm. For example, P at 13
kV/cm, P (13 kV/cm) , decreased from ⬃0.22 C/m2 under small
 to ⬃0.18 C/m2 for  ⫽9⫻107 N/m2 . Figure 1共b兲 shows
the  – E response under various . Figure 1共b兲 also shows a
decrease in  with increasing . The value of  under 13
kV/cm,  (13 kV/cm) , decreased from ⬃9⫻10⫺4 under small 
to ⬃7⫻10⫺4 for  ⫽9⫻107 N/m2 . For electrostrictive
PMN–PT ceramics, these results clearly demonstrate a suppression of the induced polarization and strain with increasing .
Figure 2共a兲 shows the P – E response for a piezoelectric
0.7 Pb(Mg1/3Nb2/3)O3 – 0.3 PbTiO3 ceramic taken under unipolar drive at various . Figure 2共a兲 reveals a significant
change in P r with increasing . The value of P r increased
from ⬃0.26 C/m2 under small loads to ⬃0.16 C/m2 under
6⫻107 N/m2 . Figure 2共b兲 shows the  – E response under
various . Figure 2共b兲 demonstrates a decrease in the remanent  ( r ) with increasing . The value of  r decreased
from ⬃7.5⫻10⫺4 under small  to approximately zero under  ⫽6⫻107 N/m2 .
For piezoelectric PMN–PT ceramics, the data in Fig.
2共a兲 show that P r decreases with increasing , indicating a
partial breakdown of ferroelectric order under . A significant increase in hysteretic loss was found to accompany
these changes. Also, an increase in the slopes of the  – E
curves with increasing  was found for E⬍5 kV/cm, however, for E⬎5 kV/cm, the slopes of the  – E curves were

nearly the same at all  investigated. However, the electrostrictive ceramics did not exhibit stress-induced changes in
P r . This is because electrostrictive PMN–PT is a relaxor
ferroelectric.8 –13 Upon removal of E, relaxors inherently
thermally depole into a polar cluster or nanodomain
state.8,12,13
B. Dependence of the large-signal d 33 on 

The large-signal longitudinal piezoelectric constant (d 33)
can be calculated from the average slope of the  – E curve,
i.e., d 33⫽⌬/⌬E. This is a linear approximation which, accordingly, has a limitation but is often used for materials
performance estimation in transducer applications. Figure 3
shows the large-signal d 33 as a function of  for the electrostrictive and piezoelectric PMN–PT ceramics.
The value of the large signal d 33 can be seen to decrease
with increasing  for the electrostrictive PMN–PT. For 
⬍2⫻107 N/m2 , d 33 was relatively independent of . However, as  was further increased, d 33 varied between 750
pC/N at  ⫽0 to 600 pC/N at  ⫽9⫻107 N/m2 . This decrease was due to the decrease in  with increasing , as
shown in Fig. 1共b兲. However, for piezoelectric PMN–PT, the
value of d 33 can be seen to increase with increasing . The
value of d 33 varied between 500 pC/N at  ⫽0 N/m2 to 1100
pC/N at  ⫽9⫻107 N/m2 .
The results in Fig. 3 show that for  ⬍2⫻107 N/m2
共which is a modest stress for transducer design兲 that the
large-signal d 33 is higher for the electrostrictive PMN–PT,
relative to the piezoelectric one. For the piezoelectric ceramic, the pronounced increase of d 33 共⬎1000 pC/N兲 with
increasing  has promise for electromechanical applications.
However, this increase in d 33 was accompanied by a signifi-

FIG. 2. Unipolar P – E and  – E responses for piezoelectric PMN–PT ceramics as a function of uniaxial stress
between 0 and 9⫻107 N/m2 . 共a兲 P – E
response, and 共b兲  – E response.
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FIG. 3. Large-signal longitudinal piezoelectric constant (d 33) as a function
of  for electrostrictive PMN–PT and piezoelectric PMN–PT ceramics.

FIG. 4. Hysteretic loss as a function of  for electrostrictive PMN–PT and
共b兲 piezoelectric PMN–PT ceramics.

cant increase in hysteretic loss factor. The hysteretic energy
loss was estimated by integrating the area of the P – E loops
using Greene’s theorem. The loss factor was then calculated
by dividing the energy loss by the stored electrical energy
1/2PE. Figure 4 shows the hysteretic loss factor as a function of  for electrostrictive and piezoelectric PMN–PT. The
loss factor of the piezoelectric PMN–PT is much higher than
for the electrostrictive, in addition the hysteretic loss of
piezoelectric PMN–PT increased significantly with increasing .
The results presented in Fig. 4 for the hysteretic loss
factor of piezoelectric PMN–PT ceramics clearly illustrate
an upper limit of the high-power drive conditions. It is important to note that these calculations of the loss factor were
determined for operating loops of a transducer material biased at 6.5 kV/cm and drove between zero and 13 kV/cm.
Other drive conditions would result in different loss factors.
The advantages of higher piezoelectric constants are offset
by problems in thermal stability, similar to that for soft PZT
piezoelectric ceramics. However, the hysteretic loss for the
electrostrictive PMN–PT does not strictly impose such limitations on high-power applications at lower drive frequencies. Recent investigations have shown that the hysteretic
losses of electrostrictive PMN–PT can be further reduced
under high-power drive by improved process control and
substituent modification.17

to 2.25⫻10⫺10 C/N and 7.4⫻1010 N/m2 . Thus, the value of
E PZT-8 can be estimated as 2108 J/m3 for E⫽13 kV/cm.
Figure 5 shows the acoustic energy density 共in J/m3兲 as a
function of  for electrostrictive and piezoelectric PMN–PT.
For electrostrictive PMN–PT, the acoustic energy density
can be seen to decrease with increasing . The energy density is 2.5⫻104 J/m3 for  ⬍2⫻107 N/m2 , whereas at 
⫽9⫻107 N/m2 it is 1.5⫻104 J/m3 . For piezoelectric PMN–
PT, the acoustic energy density increases dramatically with
increasing . The energy density is 8⫻103 J/m3 under small
, whereas it is 4.5⫻104 J/m3 at  ⫽9⫻107 N/m2 . Unfortunately, this significant increase in energy density is accompanied by a significant increase in hysteretic loss, as discussed above.
D. Dependence of the large-signal electromechanical
coupling coefficient on 

The electromechanical coupling coefficient (k 33) at various uniaxial loads can be calculated as;

C. Dependence of acoustic energy density on 

By convention, the acoustic energy density is defined
as:18,19
2
E elastic⫽1/2Y 1  rms
⫽1/4Y 1  2 ,
2 2
E ,
⫽1/4Y 1 d 33

共1a兲
共1b兲

where Y 1 is Young’s modulus. The acoustic energy density
of the standard PZT-8 (E PZT-8 ) is calculated by assuming a
linear piezoelectric response over the operational field range,
i.e., ⫽d 33E. The values of d 33 and Y 1 for PZT-8 are equal

FIG. 5. Acoustical energy density as a function of  for electrostrictive
PMN–PT and piezoelectric PMN–PT ceramics.
[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Thu, 07 May 2015 21:23:31

1972

Viehland et al.

J. Appl. Phys., Vol. 95, No. 4, 15 February 2004

FIG. 6. Large-signal coupling coefficient (k 33) as a function of  for electrostrictive PMN–PT and piezoelectric PMN–PT ceramics.

2
2
k 33
⫽d 33
Y 1 /共  0K 兲,

共2兲

where  0 is the permittivity of free space (8.85
⫻10⫺12 F/m), K is the relative dielectric constant, and d 33 is
the longitudinal piezoelectric coefficient. K can be approximated from the P – E response over a quasi-linear range as
␦ P/ ␦ E, and d 33 can be approximated over a quasi-linear
range as ␦ / ␦ E, both of which have limitations. Quasi-linear
approximations were performed for an E dc of 8 kV/cm and
an E ac of 4 kV/cm. The value of Y 1 can be determined from
measurements of the –  response. Accordingly, Y 1 was determined at various dc bias levels (E dc) by stress–strain
共– 兲 measurements. The –  curves were linear and Y 1
was calculated from the slopes at E dc⫽8 kV/cm.
The value of k 33 as a function of  is shown in Fig. 6.
For electrostrictive PMN–PT, k 33 can be seen to decrease
with increasing  from ⬃0.55 at  ⫽0 N/m2 to ⬃0.47 at 
⫽9⫻107 N/m2 . For piezoelectric PMN–PT, k 33 can be seen
to increase with increasing  from ⬃0.60 at  ⫽0 N/m2 to
⬃0.75 at  ⫽9⫻107 N/m2 . The value of k 33 for hard PZT
ceramics, conventionally used in high-power transducer applications, is ⬃0.65.20
IV. DISCUSSION AND SUMMARY

The uniaxial stress dependencies of electrostrictive and
piezoelectric PMN–PT ceramics have been shown to be significantly different from each other. Electrostrictive
PMN–PT has a higher large-signal d 33 and a higher acoustic
energy density for  ⬍2⫻107 N/m2 , but these values deteriorate with increasing  for  ⬎2⫻107 N/m2 ; whereas, the
values of the large-signal d 33 and the acoustic energy density
increase with increasing  for piezoelectric PMN–PT. This

difference is due to a breakdown of ferroelectric order in
piezoelectric PMN–PT with increasing , whereas electrostrictive PMN–PT naturally returns to a polar nanodomain
state upon removal of E.
Electrostrictive PMN–PT has advantages over conventional ‘‘hard’’ PZT in acoustic energy density, but has reduced bandwidth. Piezoelectric PMN–PT has advantages in
both acoustic energy density and bandwidth. A much higher
acoustic energy density of ⬃4.5⫻104 J/m3 is achievable for
piezoelectric PMN–PT ceramics under higher . However,
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 PMN–PT.21
Transducer designs should be able to rely on electrostrictive
PMN–PT ceramics for 2⫻104 J/m3 more energy density, a
k 33 of 0.5, and moderate losses under operational conditions
of  ⬍2⫻107 N/m2 . If higher coupling is required at this
high-energy density and low loss factor, the only way to
achieve it is by use of oriented PMN–PT piezoelectric crystals.
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