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FABRICATION AND CHARACTERIZATION OF PURE HOMOGENEQOLUS
PZT CERAMICS FROM SOL-GEL DERIVED POWDERS

2.Q. Zhuangf, M.J. Haun, S J. Jang, and L.E. Cross

Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
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In the course of the development of a phenomenological theoretical model for the whole

s
’I ,' "l

lead zirconate-titanate solid solution system, it was found that some of the required experimentai

.

information was missing. To permit these required measurements, pure homogeneous ceramic

- @
f::;: sampl?s of specific PZT compositions were fabricated from sol-gel derived powders. This paper
:‘j_ describes the preparation and characterization of these required compositions.
o High-purity lead acetate, titanium isopropoxide, and zirconium n-propoxide were used
":: as precursors to form PZT powders using a sol-gel technique. X-ray powder diffraction was
::".3 used to study the effect of calcining time and temperature from 400 to 9006E. The
. ,

submicron-size calcined powders were sintered at temperatures from 1000 to 1250 oC .

QA

-:::f depending on the composition, into high density (96 to 97% of the theoretical density) ceramic
| -:\.
[ bodies with uniform microstructure. Excess lead oxide was included in the starting powders to
) -\
;"’ control the lead stoichiometry and to act as a transient liquid phase to facilitate grain growth and

L
-
.

H

«_a e

densification by eliminating the porosity in the ceramics during sintering. The etfects of density

and of a second phase of lead oxide in the grain boundaries on the dielectric properties and poling

P

characteristics are discussed.h
I,

A
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[. INTRODUCTION

\ Additional experimental data were found to be needed to complete the development of a

NN NE,
"I .‘- ’..

phenomenological theory for the lead zirconate-titanate (PZT) solid solution system. 1-2Z For ths

purpose pure homogeneous polycrystalline ceramic PZT samples of compositions across the

vie aa
nd

. ferroelectric region of the phase diagram were fabricated from sol-gel derived powders. The
E: dielectric, piezoelectric, elastic, electrostrictive, and pyroelectric properties were measured on
_\ these samples. Future publications will describe these measurements and the use of this data in
q the development of the phenomenological theory for PZT.
\\ The purpose of this paper is to present the details of the experimental procedure used to
fabricate dense ceramic PZT samples from sol-gel derived powders. X-ray diffraction pattems
;‘ and scanning electron micrographs of the calcined powders and sintered ceramic samples will be
Z;, presented. The effects of the ceramic density and the existence of a second phase of lead oxide in
:\ the grain boundanies on the dielectric properties and poling characteristics will also be discussed.
.'\-'
2 [Il. EXPERIMENTAL PROCEDURE
"\, A sol-gel method described in Reference 3 was used to prepare powders of pure lead
Y zirconate-titanate with compositions of Pb(erTil_x)O:; with values of x ranging from 0.4 to
‘ \2\ 0.94. This method was similar to the procedure used in Reference 4 to prepare PbTiO5.

: High-purity lead acetate [Pb(C,H305)5-3H;0), titanium isopropoxide [Ti(OC3H7)4], and

'2‘ zirconium n-propoxide [Zr(OC 3H7)4] were used as precursors, with methoxyethanol [C3HgO5]
-ﬁ used as the solvent. A flow chart of the sol-gel procedure used is shown in Figure 1.

Excess lead oxide was included in these PZT powders to control the lead stoichiometry
. during the sintering of ceramic sampies. The excess lead oxide also acted as a transient liquid
; \: phase to aid in sintering dense ceramics. It was incorporated into the powders by starting with
: _:E additional lead acetate during the sol-gel procedure. The amount of excess lead oxide added
S": vanied from one-half to eight mole percent depending on the composition and on the final grain
':.:E size of the ceramic samples that was desired. Due to the greater partial pressure of lead oxide in
o

=

T T o W ¥ o e W
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lead zirconate compared to that in lead titanate, the amount of excess lead oxide was increased as

~
::\:' the Zr/Ti ratio of the PZT compositions increased.

P To study the effect of calcining conditions, the dried PZT 50/50 gel was calcined at

E;:'E several temperatures for different lengths of time. The gel was first heated slowly to 250 °C and
\. . held for three hours to remove some of the organics. The powder was still x-ray amorphous

y 'j\ after this heat treatment. Five gram amounts of this powder were placed in alumina crucibles and

\:: calcined at 400 to 900 °C for different lengths of time. The crucibles were placed into the
RN furmnace at the calcine temperature, held for the desired length of time, and then removed from the
! fumnace and quenched in air. The crystallized phases and particle size of the powders were then
{ ‘ determined using x-ray diffraction and scanning electron microscopy.

; " All of the PZT compositions were calcined using the following procedure to produce

; ;j powders to be used to press pellets for sintering into ceramic samples. The dried gels were first
:_E-q heated at a rate of 3 °C/min to 200 °C and held for 30 min. The temperature was then raised at
. 8 °C/min to 750 °C with one hour holds at 500 and 750 °C.

. ,:: Green pellets 1.25 cm in diameter and 3 mm thick were uniaxially pressed in a steel die
’, at 5,000 psi without binder. The pellets were sintered on platinum sheets in a set of alumina
: crucibles with a lead oxide source at 1000 to 1280° C, depending on the composition. Lead
:::: zirconate with five weight percent excess lead oxide was used as the lead oxide source powder.

4 :E: The alumina crucible arrangement is shown in Figure 2. By varying the number of

o crucibles and the amount of lead oxide source powder used, the sintering time could be varied
:’ from one to 60 hours to control the density and grain size of the sintered ceramic samples.

:":’- The samples used for dielectric property measurements were sputtered with gold
\ E: electrodes. The dielectric constant and dielectric loss under a weak ac field were measured at

frequencies of 0.1, 1, 10 and 100 KHz using a Hewlett Packard 4274A multifrequency LCR

P

meter under full program control in an HP9816 computer-controlled system. The temperature

L

e’ ;
YSEAAL

dependence of the dielectric properties was measured during cooling at a rate of 2 °C per minute

using a Delta Design 2300 environmental chamber.
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j {:g . 4

._3.:;_} X-ray powder diffraction was carried out on an APD 3600 Philips Automated X-ray

(‘ diffractometer with CuKa radiation, using as-prepared gel powders, calcined powders and

":' : powders crushed from freshly sintered ceramics.

3;'.*

W

p [1I. RESULTS AND DISCUSSION

‘\.': The x-ray powder diffraction patterns of the PZT 50/50 composition calcined at different
5 ‘: temperatures for one hour are shown in Figure 3. The x-ray pattern of the dned amorphous gel
( ) is also shown in this figure. As described in the Experimental Procedure section, the dried gel

’ ::_ was first heated to 250 ©C for 3 hours, and then placed directly into the fumnace at the calcine

: 5\ temperature.

‘::* After calcining the gel at 500° C for one hour, two phases with perovskite and

.:;' pyrochlore-type structures had crystallized as shown in Figure 3(B). After 600 °C for one hour
;E' [Figure 3(C)] only the perovskite phase was detected. As the calcine temperature was increased,
.j-' the tetragonal splitting of the perovskite peaks became more distinct [Figures 3(D)-(F)].

:E? Above 600 °C additional diffraction peaks developed corresponding to the crystallization
§§ of lead oxide as orthorhombic PbO, and possibly also as tetragonal PbO and orthorhombic

3 PbO,. As described previously, excess lead oxide was included in the powders to aid in

\_.S sintering dense ceramic samples.
E".E Figure 4 shows x-ray diffraction patterns of the PZT 50/50 composition calcined at

:'\ 800 OC for several different lengths of time. After calcining for five minutes, the perovskite PZT
j“:: and lead oxide phases had crystallized along with cubic lead metal [Figure 4 A)]. The diffraction
:-’ peaks at 31.32 and 36.32 degrees two-theta comrespond to metallic lead. which was probably
3"‘:‘ formed because of the reducing environment created by these calcining conditions. Metallic lead
"E: was found to be present when calcining at 500-900 °C for short times of less than 15 minutes.
:SE However at 400 °C metallic lead was the only phase that crystallized and remained even after
J:f calcining for one hour.
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After calcining for 15 minutes at 800 °C [Figure 4(B)}, the lead metal was no longer
present. The sharpness of the tetragonal perovskite peaks increased as the calcining time was
increased [Figures 4(A)-(E)]. In addition, the ratios of the different forms of lead oxide present
appeared to change as the calcine time was increased.

Figure 5 shows SEM micrographs of PZT 50/50 powders, calcined at three different
temperatures. As shown previously, after calcining at 500 °C for one hour, phases with
perovskite and pyrochlore structures had crystallized. Figure 5(A) shows the SEM micrograph
of this powder. By increasing the calcine temperature the particle size of the powder increased,
as shown in Figures 5(B) and (C).

Calcining at 750 °C for one hour was found to produce optimum powders for uniaxial
pressing of pellets without binder. This temperature was also low enough to avoid the
volarilization of lead oxide during calcining, and high enough to fully crystallize the perovskite
PZT phase. Using the heating rates and hold times that were described in the Experimental
Procedure section, all of the compositions were calcined at 750 °C for one hour.

X-ray diffraction.patterns of these calcined powders are shown in Figures 6 and 7. The
hkl’s of the tetfagona.l and rhombohedral perovskite peaks have been labeled in Figures 6(A) and
7(A), respectively. As previously discussed the additional peaks correspond to lead oxide.
Figures 6(B) and (C) show that for the PZT 50/50 and 52/48 compositions the tetragonality is
less than that of the PZT 40/60 composition. The diffraction partern of the PZT 50/50
composition calcined at 750 °C shown in Figure 6(B) should be compared with the patterns
shown in Figures 3(D) and (E) for powders calcined at 700 and 800 °C.

Figure 8 shows SEM mucrographs of four different PZT compositions calcined as
described above. The particle sizes of the tetragonal compositions 52/48 and 50/50 [Figures 8(A)
and (B)] are considerably larger than that of the rhombohedral compositions 54/56 and 90/10
(Figures 8(C) and (D). This may be due to the higher crystallization energies of the higher

zirconia content compositions.
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) \:
:: Figure 9 shows the scanning electron microstructures of the surfaces of ceramic samples
) \'
( of PZT 52/48 sintered at 1150 °C for 7, 18.5 and 34 hours. This figure shows that the open
‘ \-l
A porosity decreased as the sintering time increased. As shown in Figure 9(A), the sample sintered
N
\: for 7 hours had a uniform surface microstructure, even though the density was low (91% of the
A theoretical density). As the soaking time was increased to 18.5 hours grain growth and a
w
) ::; decrease in porosity occurred, but this led to a nonuniform distribution of grain size, as shown in
-y
{j Figure 9(B). By further increasing the soaking time to 34 hours a more uniform microstructure
19
resulted from continued grain growth, and the density increased to 97% of the theoretical density
o
o [see Figure 9(O)].
3
:-{ As shown by Figure 9 dense ceramic samples with uniform microstructures could be
e achieved at relatively low temperatures by sintering for long times. To be able to sinter for long
5 :: times the lead oxide atmosphere had to be carefuily controlled through the addition of excess lead
"
:; oxide into the samples and by using the crucible arrangement and lead source described in the
"
> Experimental Procedure section.
j. This technique was also employed in preparing dense ceramic samples for all of the other
10 .
N PZT compositions. As an example, Figure 10(A) shows the SEM microstructure of the surface
1
of a sample of rhombohedral PZT 60/40 ceramic sintered at 1100 °C for 30 hours. This sample
f had a density of 97% of the theoretical density.
’
\: Figures 10(B) and (C) show the SEM microstructure of the fracture surface of a PZT
b\,
;" 50/50 ceramic sample sintered at 1015 OC for 25 hours. These figures show that the grains had
h) :'ﬁ embedded into each other because of the continuous grain growth during the long sintering time.
»
'; This sample had a uniform grain size with a density of 97% of the theoretical density.
-
; In addition to obtaining dense ceramics, single phase compositions were obtained by
Sj allowing the excess lead oxide to gradually volatilize out of the samples during the long sintering
‘)
\
:-f times. This can be observed in Figures 11 and 12, which show the x-ray diffraction pattems tor
\ "
;’f the tetragonal and rhombohedral compositions, respectively. These figures show that within the
"’~ limits of x-ray diffraction the excess lead oxide had volatilized out of the samples and only the
7
o
T
°
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o
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0

. 7
Wy perovskite PZT phase remained after sintering. The yellow color of the samples also indicated
(: v that the excess lead oxide had volatilized out. A reddish color occurred when excess lead oxide
‘ \:: remained in the samples.
| ::: If the excess lead oxide had not completely "boiled out” of the sample a deviation from
;: e lead stoichiometry could result and/or lead oxide could remain in the grain boundaries. Figures
“:’: 13(A) and (B) show the temperature dependences of dielectric constant and loss for two PZT
z;: 50/50 ceramic samples. The solid lines in these figures correspond to a single phase ceramic
o |

sample, and the dashed lines correspond to a sample of the same composition with excess lead !

A3

oxide still remaining. The dielectric constant for the single phase ceramic sample is larger than !

N
P

that of the sample with excess lead oxide. This can possibly be attributed to the existence of lead

T TS
P
."‘"’

oxide of low dielectric constant (about 30 at room tcmperatuxes) being in a series with pure PZT

1 ]
' @
5o

grains.

.{s |
¢ N S’_ A

The existence of lead oxide as a second phase in the grain boundaries is also harmful to

PR
.
s

T
A

the poling properties because of the concentration of the poling field on the boundary layer of

£

lead oxide. This would result in lower piezoelectric constants.
Green pellets of PZT 52/48 were sintered at 1150 °C for 1.5, 7, 13.5, 18.5, 29.5, and

34 hours. Even though the soaking time was very different, single-phase ceramics were obtained

e 2 “ a . 1 )
Q' ey, 'fj’.‘, v

by controlling the number of crucibles and the amount of lead source powder used. Shirasaki®

%
LA

N

:::'.j showed that the lattice parameters of lead titanate changed significantly as the degree of lead
A

e stoichiometry was varied. The x-ray pattemns of the PZT 52/48 samples with different soaking
®

L times were all very similar, as were the lattice parameters calculated from these pattems. This
::- indicates that by controlling the sintering conditions, the lead stoichiometry could be controiled
A

b for all soaking times.

o

K The dielectric constant and loss of these samples were piotted versus temperature in
s

- Figures 14(A) and (B). The density of these samples increased as the soaking time increased,
-'_..-
:E:'_fz which would contribute to the increase in dielectric constant as shown in Figure 14(A).
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oo [V. CONCLUSION

i High-purity lead acetate, titanium isopropoxide and zirconium n-propoxide were used as
':.Eg precursors to prepare pure homogeneous PZT powders at compositions across the ferroelectric
,:;:2 region of the phase diagram by a sol-gel method.

'| In order to obtain compositionally stoichiometric ceramic samples, excess lead oxide was
'E::S included in the compositions. The excess lead oxide acted as a transient liquid phase in the grain
. .'QE: boundaries during sintering to raintain the compositional stoichiometry and to facilitate grain

( A growth and densification by eliminating the porosity in the ceramics.

: E}. Dense (96 ~ 97% of the theoretical density) pure PZT ceramic samples with uniform

; :E microstructure were obtained at relatively low temperatures by sintering for long times. By

N controlling the amount of lead oxide source powder (PbO-rich lead zirconate) and changing the
" alunmina crucible arrangement, the lead atmosphere could be maintained during the long sintering
, - times. After sintering, only the perovskite PZT phase could be detected by x-ray powder
J:.' diffraction.

\ As expected the dielectric constant was found to increase as the ceramic density

"\, increased. In addition, when excess lead oxide was present the dielectric properties were

degraded.

O

L The ceramic processing procedure described in this paper was used to fabricate pure

Lo

:j. homogeneous ceramic samples for low-temperature dielectric, piezoelectric, and elastic property
O

; 7 measurements.3 The electrostrictive and pyroelectric properties were also measured. Future

:..':: publications will describe these measurements, and the use of these data in the development of a
\‘:'\

s phenomenological thermodynamic theory of PZT.
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e FIGURE CAPTIONS
g, ! Figure 1. Flow chart of the sol-gel procedure used to prepare PZT powders.
'~
; Figure 2. The crucible arrangement used for sintering ceramic samples.
Figure 3. X-ray powder diffraction patterns of the (A) PZT 50/50 gel and the PZT 50/50
4 composition caicined for one hour at: (B) 500, (C) 600. (D) 700, (E) 800, and
__. (F) 900 °C. In (B) I refers to the perovskite phase and II refers to the pyrochlore
X phase. In (F) the hkl's of the tetragonal perovskite phase are labeled.
A
o Figure 4. The x-ray powder diffraction pattems for sol-gel derived powders of PZT 50/50
::: calcined at 800 °C for: (A) 5 minutes, (B) 15 minutes, (C) 30 minutes, (D) | hour,
. and (E) 4 hours. In (E) the hki's of the tetragonal perovskite phase are labeled.
2N Figure 5. SEM micrographs of sol-gel derived PZT 50/50 powders calcined at (A) 500 °C for
o 1 hour, (B) 800 °C for 2 hours, and (C) 900 °C for 1 hour.
SN
o Figure 6. X-ray powder diffraction pattems for tetragonal compositions calcined at 750 °C for
. 1 hour: (A) PZT 40/60, (B) PZT 50/50, and (C) PZT 52/48.
.I:: Figure 7. X-ray powder diffraction pattems for thombohedral compositions calcined at 750 °C
EN for 1 hour: (A) PZT 60/40, (B) PZT 70/30, (C) PZT 90/10, and (D) PZT 94/6.
Y
- Figure 8. SEM micrographs of sol-gel derived PZT powders calcined at 750 °C for 1 hour:
(A) PZT 52/48, (B) PZT 50/50, (C) PZT 54/46. and (D) PZT 90/10.
\
":f Figure 9. SEM surface microstructures of PZT 52/48 ceramics sintered at 1150 °C for
K t: (A) 7 hours, (B) 18.5 hours and (C) 34 hours.
:: Figure 10. SEM microstructures of (A) the surface of PZT 60/40 sintered at { 100 °C for
30 hours. and (B) and (C) the fracture surfaces of PZT 50/50 sintered at 1015 °C
~ for 25 hours.
,I
5 Figure 11. X-ray powder diffraction pattems for ceramics of tetragonal compositions:
- (A) PZT 40/60, (B) PZT 50/50, and (C) PZT 52/48.
; Figure 12. X-ray powder diffraction patterns for ceramics of rhombohedral compositions:
& (A) PZT 60/40. (B) PZT 70/30, (C) PZT 90/10, and (D) PZT 94/6.
-
o Figure 13. The temperature dependence of (A) the dielectric constant and (B) loss for PZT 50/50
- ceramic samples. The solid lines correspond to a single phase ceramic sample and the
o dotted lines denote a sample with a second phase of lead oxide.
; Figure 14. The temperature dependences of the (A) dielectric constant and (B) loss for PZT 32/48
- ceramics sintered at 1150 °C for (a) 1.5. (b) 7. (¢) 13.5. (d) 18.5, (e) 29.5, and
n (£) 34 hours.
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Dissolve Lead Acetate(with excess

lead) in 2-Methoxyethanol
in a Three-Neck Reaction Flask

l Dehydrolysis

Boiling to 125° C ( B.P. of 2-Methoxyethanol)
10 remove absorbed water

l Cool down to about 75°C

Titanium Isopropoxide + Zirconium N- propoxide

+ 2-Methoxyethanol added

Remove excess

Boiling to0 125°C
2-Methoxyethanol

Cool down to -25°C
In liquid nitrogen  2-propanol bath

Evdrolysis Add deionized water

2 . Heat back to R.T. and Gel forms

(.Y A

Drying (100°C)
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MODELING OF THE ELECTROSTRICTIVE, DIELECTRIC,
AND PIEZOELECTRIC PROPERTIES OF CERAMIC PbTiO4

M. J. Haun, E. Furman, S. J. Jang, and L. E. Cross

Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802
ABSTRACT

The upper and lower limits of the electrostrictive constants, dielectric permittivities,

spontaneous polarization, and piezoelectric coefficients were calculated for ceramic PbTiO from
theoretical single crystal constants. Experimental ceramic data falls between these upper and lower
limits. The large piezoelectric anisotropy 53 3/531 of ceramic PbTiO3 was shown to be related to
the single crystal PbTiO3 electrostrictive anisotropies Q1 1/Q2 and Q44/Qq 5. The possibility of a
change in sign of the ceramic 331 coefficient due to a slight variation in the single crystal
electrostrictive anisotropies was discussed. The single crystal and predicted ceramic hydrostatic
electrostrictive constants were found to be equal. Using this result the ceramic hydrostatic g-h
coefficient is always smaller than the single crystal gy, but the ceramic hydrostatic ah coefficient
can be either larger or smaller than the single crystal dy, depending on the dielectric anisowropy

'€ 1/€33) of the single crystal.
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1. INTRODUCTION

Lead ttanate has been extensively used as an end member of ceramic solid soludon
systems with important piezoelectric propc:m'cs.l One partcularly interesting property is the large
piezoelectric anisowropy (dy4/dy1) that has been achieved in modified lead dtanate ceramics, but
not present in the single crystal. These materials are of interest in high-frequency ultrasonic
ransducer applications.2

Turik et al.3 showed that this large ceramic piezoelectric anisotropy could be obtained by
averaging the single crystal piezoelectric coefficients. They concluded that the small single crystal
dielectric and piezoelectric anisotropies of PbTiO4 lead to large ceramic piezoelectric anisotropy.
Wersing et a1.4:3 combined Luchaninov's® averaging equations with Devonshire's’ single crystal
relations to calculate the ceramic piezoelectric coefficients from the single crystal dielectric
permirtivides, electrostrictive constants and spontaneous polarization. The ceramic d3 coefficient
was found to disappear for a particular ratio of the electrostrictive coefficients and a certain degree
of polan'z.'uion.5

The purpose of this study is to further understand the behavior of PbTiO by calculating
the ceramic electrostrictive constants, dielectric permittivities, spontaneous polarization, and
piezoelectric coefficients from the single crystal constants that were recentdy determined from a
Devonshire type phenomenological theorys. The upper and lower limits of the properties will be
calculated using simple averaging relatons. These calculatons will then be compared with

experimental data.
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2. ELECTROSTRICTIVE CONSTANTS

The upper and lower limits of the ceramic elastc constants can be calculated from single
crystal values using the Voigt and Reuss methods of avcraging.9 Voigt determined the stiffness of
the ceramic from the space averages of the stiffnesses of the crystallites, while Reuss found the
ceramic compliance from the space averages of the compliances of the crystallites. Hill? showed
that both of these models are only approximate and that the true values should fall between these
bounds. In most cases, the experimental values do fall between the Voigt and Reuss limits.
Electrostriction is also a fourth rank tensor with similar matrix to tensor conversion as the elasdc
constants, and thus the same equations can be used to predict the upper and lower limits of the
electrostrictive constants.

The electrostrictive (Q; jkl) and inverse electrostrictive (qijkl) constants relate the strain ("ij)

to the polarization components (P P|) by the following relations:

Xij = Qijki PkPy (1)
PiP; = dijict Xkl 2)

The tensor to matrix conversions of the electrostrictive and inverse electrostrictive constants are the

same as that of the elastic compliances and saffnesses, respectively:

Qijk1 =Qmn - Wwhen mandn=1.2 or3

PV
-t
-
-
.
.

zQijklemnv when morn=4,50r6

WS
%

I
~

.

4Qijk1 =Qmn+ WwWhen mandn=4.50r6 (

a «
2

‘

Gijkl = Ymn - forallmand n (4)

Using a simular procedure as that of Voigt and Reuss for the elastic constants, the
eiectrosricuve and inverse elecTostmicuve constants of a polverystalline ceramic can be calculated

‘rom the space averages of the single crvstal values by assuming that the ceramic is composed of
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* Equations (5) and (9) give ceramic electrostrictve constants corresponding to the series
wS and parallel models, respectvely, and will be used to calculate the upper and lower bounds of the
ceramic electrostrictive constants from the single crystal values. Devonshire’ 10 calculated the
ceramic electrostrictive constants of BaTiO5 using Equation (5). However at that ume the single
crystal electrostrictive constants had been overestimated due to the low values of the spontaneous
polarizaton that were used in the calculations. Thus the agreement with experimental ceramic
electrostricdve constants was not very good. When a more realistic value of the polarizadon

(0.26 C/m? at room temperature) was later measured! !, Jona and Shirane!2 recalculated the sin gle

crystal electrostrictive constants and used Equation (5) to determine the ceramic 61 1 and (—212

values. These calculatons were in good agreement with the experimental measurements.

The ceramic electrostrictive constants of BaTiO5 were calculated from the single crystal
values using Equations (5) and (9) as shown in Table I. The values of the experimental ceramic
electrostrictive constants, also listed in this Table, fall between these upper and lower bounds. Thus
the Voigt and Reuss type methods of averaging appear to work well in predicting the limits of the
electrostrictive constants in addition to the elastic constants.

Two sets of calculated upper and lower bounds of the electrostrictve constants of ceramic
PbTiOj are listed in Table I. The same values of the single crystal Q1 and Q5 constants were
used in both sets of calculadons, but different Q44 values were used. In the first set of PbTiO;
calculations a Q44 of 6.75 (10-2 m*/C?) was used. This value was calculated in Reference 3 from
experimental values of €1, dy 5, and P¢ from PbTiO4 single crystals. In the second set of
calculatons a Q4 of 2.0 ( 102 m*/C2) was used. This value was calculated in Reference 15 from

spontaneous polarization and strain data for the rhombohedral Pb(Zr() gTig ;)O3 composition. In

all three sets of data shown in Table I the magnitudes of the ceramic Q| and (—213 constants are less
than the corresponding single crystal values, but the ceramic Q_u constants are larger.
The electrostricive anisowopies -—QI I/QIZ and 'Q-U/QIZ increase in BaTiOy and PbTiO4

ceramics compared to the corresponding single crystal anisoropies as shown in Table I. The
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'61 1/(_:212 anisotropy increases. even though the (—211 constant decreases, because of the greater
decrease in the -(-212 constant. The Qu/é {2 anisotropy increases because of both the decrease in
-Q| 3 and increase in Qq.

The electrostrictive anisotropies of ceramic PbTiO5 are larger than those in BaTiO3,
because of the differences in single crystal anisotropies. In the second set of PbTiO4 data the
ceramic anisotropies calculated from the parallel model changed sign because 612 became posiave.
To better understand the effect of the single crystal anisotropies on the ceramic anisotropy
Equatons (5) and (9) can be rearranged as shown below:

_ -l/o+1/(2u) +4

Ceapiac = ,and (10)
series 3o+ -2
_ 2+3(l/o- 1) +4u(l/o+ (Ve -2) |
S = |1+ . (1D
paralel = [ 4+ (1/a-1)-2u(l/c + 1)1/ - 2) ]
where o= ~—le/(—'\)11 , O= 'Q12/Q11 , and W= --le/Q44 . (12)

The ratio G is the electrostrictive analogue to Poisson’s ratio (= -5y 9/s1 ). The electrostrictive ranos
defined by Equation (12) are the inverse of the electrostrictive anisotropies listed in Table I.

In Figure | the ceramic rato o was plotted versus the single crystal o ratio for different
values of the single crystal y ratio using Equations (10) and (11). Using either the series or paralle!
models. the ceramic @ ratio decreases (anisogopy increases) as the single crystal ¢ and p ratios
decrease and increase, respectively. The value of the y rato has less effect on the ceramic o when
using the series model compared to the parallel model. The ceramic O can be either posidve or
negatve depending on the values of the single crystal ratios. A negative value of the ceramic o
would be due to a positive Qi:- assuming that Ql | s also positive. If the ceramic g changes sign
because the -(312 constant decreased to zero and changed sign, then the ceramuc anisotropy

(-(31 1/(—212) would increase anag go to infinity.
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The square shaped data points in Figure | represent BaTiO3, and the circular and Tangular

o
vy
L

"

shaped data points ﬁ:prescm the tirst and second sets of PbTiO5 data in Table [, respecuvely. As

a
-
[

shown in Figure 1 the single crystal ratios of BaTiO5 cause the ceramic G ratio 10 be larger than that

e

/.. (‘u .‘l ',- "U ‘

of PbTiO4 resulting in less anisooopy. When using the smaller value of the Q44 constant, the

A A

upper and lower limits of the PbTiO5 ceramic O ratio ran ge from positive to negative values.

,“E

illustrating the possibility of having very large anisotropy and a positive ceramic (—212 constant.
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The larger value of the Q44 constant shown in Table I should better represent the actual
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Q.4 of PbTiO3, since this value was determined from measurements on PbTiO3. This value wiil

be used in calculatng the piezoelectric coefficients later in the paper. When using this value, large
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ceramic anisotropy stll resulted as shown in Table [. The electrostrictive constants of perovskite
ferroelectrics have been experimentally shown to be only slightly temperature depcndent,16'17 and
thus were assumed to be independent of temperature throughout this paper. However, since the
magnitude of the 612 constant of ceramic PbTiO4 is small, a slight temperature dependence of the
single crystal electrostrictive constants could cause the cerarmuc (312 to go to zero and change signs
as a funcdon of temperature. This will be further discussed later in the paper when the
electrostricive anisotropy is related to the piezoelectric anisooopy.

An interesting result of this averaging procedure is that the ceramic hydrostatic

electrostricave constant (Qh = (_21 1+2 (312) is equal to the single crystal Qp, when using either

Equadon (5) or (9), even though the magnitudes of the ceramic (_21 1 and (512 coefficients are
considerably lower than the single crystal values. The experimental ceramic (—Qh of BaTiO51s 3.3
11072 m*/C2) from the data in Table I, which is in fairly good agreement with the single crystal and
oredicted ceramic values of 2.3, However, even better agreement is found with ceramic Qy's of 2.1
and 2.8 (1072 m*/C?), which can be calculated from data in Reference 18 using the relation

Qn = - 1d8/dPV(2e,C) . where C is the Curie-Weiss constant and d8/dP is the slope of the pressure
Jependence of the Curie temperature 1), A similar result also occurs when using these series and
rarallel models for the elastc consants. The ceramic volume compressibility 1s equal to that of the

single crystal.
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3. DIELECTRIC PERMITTIVITY

Parallel and series models were also used to calculate the upper and lower limits of the
ceramic dielectoic permittivity from the single crystal values:
Parallel: € = (2/3)e}) + (1/3)e33 (13)
Series: /e = (2/3)/eq; + (1/3)/ez3 (14)
€ is the ceramic permittivity, and €11 and €33 are the single crystal permittivides
perpendicular and parallel to the polar axis, respectively (assumed to be equal to the dielectric
susceptibilides).
The upper and lower limits of the ceramic permittivity were plotted versus temperature in
Figure 2 using Equations (13) and (14) and the phenomenological calculations of the single crystal
permitdvities from Reference 8. Only a slight difference in the upper an lower limits was found,

because of the small dielectric anisotropy of single crystal PbTiO5. The experimental data (circular

data points) plotted in this figure were calculated from the piezoelectric d33 and g33 data given in |
Reference 19 (and plotted later in this paper) for a ceramic PbTiO3 sample doped with 1.0 mole i
percent MnO,. This experimental data is in good agreement with the predicted upper and lower

bounds. Another experimental data point is plotted in this figure. This value was listed in a table in
Reference 19 for the same composition measured at room temperarure. The predicted upper and

lower limits of the ceramic dielectric permitdvity at 25°C are 105 and 96.5. These values were

calculated from the single crystal € and €33 values of 124.4 and 66.6 from Reference 8.

4. SPONTANEOUS POLARIZATION

There are six possible directions for the polar axis in a tetragonal structure such as that of
PbTiO;. If an applied electric field causes all of the domains in a ceramic to align along the closest

of these directions to the field. then the polarizaton of the ceramic (P) will be: P = 0.831 P, whers
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P is the single crystal polarization.zo This gives the upper limit of the ceramic polarization by
assuming that 1/6 of the domains did not require switching, 1/6 switched through 180°, and 2/3
through 90°.21 However, Carl?2 found that, in dense PbTiO ceramics doped with small amounts
of lanthanum and manganese, the 180° domain alignment was virtually perfect, but only about ten
percent of the domains switched by 90°. By assuming that no 90° domain switching occurs and
that only 1/6 of the domains realign through 180°, P = (1/3)(0.831)P = 0.277 P. This will be
assumed to be the lower limit of the ceramic polarizaton. If 90° domain alignment does not occur.
then the 2/3 of the domains that would ideally switch through 90° will instead possibly switch
through 180°. If all of these domains switch through 180° then P = 0.5 P. This result will be
assumed to be the upper limit of the ceramic polarization.

The upper and lower limits of the spontaneous polarization of ceramic PbTiO4 are plotted
in Figure 3 along with the single crystal polarizaton. Cari?2 found that the polarization of ceramic
PbTiO4 was approximately 0.3 C/m? at room temperature. This value falls between the calculated
limits at 25°C of 0.21 and 0.38 C/m? as shown in Figure 3.

5. PIEZOELECTRIC COEFFICIENTS

The piezoelectric voltage ( gij) and charge ( dij) coefficients of a single crystal of PbTiO are
related to the electrostrictive constants, dielectric permirtivities, and spontaneous polarization by the

following equation523:
833 = 2Qq P3, g31=2Qi2P3, 815 = Quu P3 (13)
di3 = 289€33Qq1 P3.  d31=2g0€33Q2P3.  di5 = gpe; Qua Py (16)

These equations are based on the approximation that the dielectric susceptibilities Nypand ny3 are

2qual to the dielectric permirtivides € | and €33
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(' & Equations (15) and (16) are single crystal relatons and should probably not be used for
..;',f ceramics. However, these equatons can be used to determine the upper and lower limits of the
1SRN
::E'-: ceramic piezoelectric coefficients from the limits of the ceramic electrostrictive constants, dielectric
"‘." permittivities, and spontaneous polarization. For example:
; -U =U-U -L =L <L
2*-: 833 = 2Q11 P3. g33 = 2Qq1 Py, (17)
q::\.-'
'.-‘;3' where U and L refer to the upper and lower limits as defined in the previous sections. Similar
."..)

Lan) s

equatons were used to calculate the ceramic limits for the other piezoelectric constants. Since there

",'E.. was very little difference between the upper and lower limits of the ceramic PbTiO4 dielectric

E;é permittivity (see Figure 2), the average of the series and parallel models was used in the

- .:‘\ calculadons of the piezoelectric dj; constants. However, for a material such as BaTiO3 with a large
g‘;_‘ dielectric anisotropy, the limits of the dielectric permittivity should also be accounted for.

};}2 Using this procedure the upper and lower limits of the piezoelectric coefficients were

calculated and plotted versus temperature in Figure 4. The single crystal coefficients are also plotted
in this figure for comparison along with experimental ceramic data. The values of the piezoelectric
coefficients at 25°C are listed in Table 0. The circular data points shown in Figures 1(a) and (d)
were measured in Reference 19 on ceramic PbTiO3 doped with 1.0 mole percent MnO. This data
falls between the predicted upper and lower limits with similar temperature dependences as the
calculated curves. The diamond shaped data points shown in Figures 1(a), (b), (d), and (e) are also

from Reference 19 for the same composition. The corresponding experimental dielectric data was

previously shown in Figure 2. The experimental g3 and d5 coefficients also fall between the
\‘ upper and lower limits. The square shaped data points shown in Figures 1(c) and (f) are from

.\ Reference 24 for ceramic PbTiO3 doped with 1.0 and 2.5 mole percent MnO5 and LaO5s,

5 respectively. The experimental g1 5 coefficient of this compositon fails between the limuts, but the
: d| 5 coefficient was greater than the upper limit because of a larger dielectric permittivity (170) than
:.::::: that predicted. The difference berween the ceramic and single crystal values of the gy 5 and d 5
o
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coefficients is smaller than that of the other coefficients, because the ceramic 644 constant is larger
than the single crystal value.
From Equations (15) and (16) the piezoelectric anisotropy of a single crystal is found to be

equal to the electrostrictive anisotropy:

£33/83) = d33/d3; = Q1/Qq3 = -l/o (18)

This single crystal relation can be used to approximate the upper and lower limits of the ceramic

piezoelectric anisotropy from the ceramic electrostrictive anisotropy by assuming that:
- - U -U-U - - L -L -L
(33/831) = 833/831 - (833/831) = 833/831 (19)

Equations (10) and (11) and Figure 1 can then be used to predict the upper and lower bounds of the
ceramic piezoelectric anisotropy from the single crystal electrostrictive anisotropies. From Table II,
experimentally -§3 1/§33 =0.11 for ceramic PbTiO4. This value falls between the predicted ceramic
-(312/611 bounds of 0.077 and 0.17 plotted in Figure 1 (listed in Table [ as -Q11/Qq2)- However,
the experimental -g3 1/-g33 of BaTiO5 has a value of 0.4125, which does not fall between the
predicted ceramic -612/61 1 bounds of 0.19 and 0.31 (see Table D).

Equation 19 was based on the assumption that the boundary conditions are the same for the
§33 and §31 coefficients. However, the boundary conditions might not be the same, and thus the

following relations should probably be used to calculate the bounds of the piezoelectric

anisowopies:
- - U -U-L - - U -=U-L =U-=L
(833/831) = 833/g31 = (d33/d3)) = d33/d3) = Q1/Q;2 (20)
- - L -L-U - - L =L-U =L =U
(833/831) = £33/231 = (d3y/d3y) = d33/d3] = Q|}/Qy2 (2L

Since for a particular domain configuration in a ceramic the polarization 133 and dielectric
permitavity 233 are the same in the 333 and 331 relations, they were assumed to cancel out of

4 - : . =U =L =L = L <
Equations 20 and 21. The electrostrictive anisotropies Qq1/Q3and Qq1/Q 1L2I result in wider limits

than those plotted in Figure 1. and can be calculated from relations similar to Equadons 10 and ! 1
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Using Equations 20 and 21 the experimental value of -§3 1/§33 of BaTiO3 (0.41) falls between the
predicted -(—21 1/612 limits of 0.11 and 0.52 (calculated using the values from Table I).

From Equations 20 and 21 the upper and lower limits of the ceramic piezoelectric
anisotropy only depend on the electrostrictive anisotropy and are independent of the dielectric
propertdes. However, from piezoelectric averaging equatons Turik et al.3 concluded that the low
dielectric anisotropy of single crystal PbTiO3 contributed to the large ceramic piezoelectric
anisotropy. Using Wcrsing's4v5 approach of combining Luchaninov's® averaging equations with
single crystal relations (Equation 16), and then solving for the anisotropy, results in the following

relaton:

2Qq . €11 Quu .

3_33_ _ (1/8-1) Qq2 €33Q12 ' 22

- Q € 1+9
a3 1 E11 Qa4
Q2 2&33Q)p 1-3

2

where § = <cos36%/ <cos8>, and 8 is the an gle between the direction of the spontaneous
polarization of a crystallite and the direction of the poling field. Equation 22 indicates that if the
single crystal dielectric anisowopy (€] 1/€33) decreases, the ceramic piezoelectric anisotropy will
increase. If & = 3/5 and €1/€33 = 1, then the right side of Equation 23 reduces to the
elecrostrictive series model (Equadon 10) which gave the upper limit of the & ratio and the lower
Limit of the ceramic electrostrictive anisotropy. This indicates that Luchaninov's® averaging
equadons may represent the lower limit of the ceramic piezoelectric anisotropy which would result
iTom the upper limits of the piezoelectric coefficients. Averaging equations for the lower limits of
the piezoelectric coefficients may show that the ceramic piezoelectric anisotropy will increase when
the single crystal dielectric anisotropy increases, which is the opposite conclusion as that of the

other limut. Thus between these limuts there may be little effect on the ceramic piezoelectric

anisotropy from the single crystal dielectric anisoropy.
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Irrespective of the dielectric anisotropy and degree of polarizaton, the large ceramic

855

piezoelectric anisotropy of PbTiO can be explained by the the large electrostrictive anisowopy

g
[

o which was shown in Section 2 to be due to the small magnitude of the ceramic (212 constant. Since
L
:-::: the value the ceramic (21 2 is close to zero, the sign of (-21 5 could easily change from a slight
~ -
7

variation in the single crystal anisotopies. This could also cause the 331 coefficient to change
signs, and result in an infinite piezoelectric anisogopy when 531 goes {0 zero.

The single crystal electrostrictive anisotropies of PbTiO3 can be varied by changing the
composition and/or temperature. When some of the Gtanium in PbTiO4 is substituted with
zrconium to form PZT, the single crystal -Q,/Qq | ratio increases, while the -Q12/Q44 ratio
decreases. This causes the ceramic -612/61 1 and -53 1/&33 ratios to increase (see Figure 1), which
results in less anisooopy. Zorn et al. 17 experimentally found that -Q 12/6 11~0.5and -Q 12/Q—44 =
0.3 for the Pbq g3Sr( 12Bag g5(Zrg ¢Tig 38Nb( 92)03 composition which is close to the
morphotropic boundary. These values would result in a ceramic piezoelectric anisowopy (-33 3/33 1)
of 2 using either the series or parallel models, which is in good agreement with the measured
piezoelectric :misorropics.1
Doping PbTiOy with other elements, such as samarium or calcium, was shown to

increase the anisotropy.z':26 Large piezoelectric anisotropies have also been found for the

Pb(Zrg g5(Mny,3Nbs/3)0.05)O3 composition.2” This suggests that the single crystal
electrostrictive ratios in the PZT system change in such a way as to cause the anisotropy to increase
when moving from the morphotropic boundary towards PbZrO3, as occurs when going the other
way to PbTiO3.

From Equations (15) and (16) the hydrostatic piezoelectric voltage (g, = g33 + 2g31) and
swain (dy, = d33 + 2d3 ) coetficients of a single crystal can be calculated from the following

relatons:

gh=2P3Qy. dp =2 € €33 P3 Qp ARY
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::;I:: These single crystal relations can also be used t0 predict the upper and lower bounds of the cerarmuc
e o , . .

@;Z'_-;_Z hydrostatic piezoelectric coefficients. By dividing the resulting equations for the ceramic bounds by

the single crystal equations, and again realizing that for a particular domain configuration in a
ceramic the polarization Py and dielectric pcxmitriviry—e” are the same in thc333 and dy;

equations, the following relations are obtained:

- _L U - =U
g P; Q g
Sh _ 3 *h ch _ 3 h (24)
gh P3 Qy gh P; n
-L - = = -u -
W B & R -
dp €33 P3 Qy dy €33 P3 Qq

Due to possibility of having different boundary conditions for the 61 1 and 612 constants, the

limits of the hydrostatic electrostrictive constant should be calculated from the following relations:
=L =L =~ U U -U =L
Qn = Q1+ 2Qp2 . Qn = Q11+ 2Q)2 (26)

However, if the boundary condidons of (31 1 and Q 12 are the same, then the upper and

lower limits of éh would be equal to the single crystal Qy, (as described in Section 2). The values
of the single crystal and ceramic Qy's of BaTiO4 are in fairly good agreement. Thus if the single
crystal and ceramic Qp's are assumed to be equal, then from Equation 24 the ratio of the ceramic gy,
divided by the single crystal g}, only depends on the ratio of the ceramic polarization divided by the
single crystal polarizadon. Since the polarization of a ceramic is always lower than that of the single
crvstal, the value of the ceramic Eh should be lower than the gy, of the single crystal.
Experimentally, this is found in both PbTiO3 and BaTiO3.

The ratio of dj, coefficients would depend on the ratio of the ceramic €33 divided by the
single crystal €33, in addidon to the degree of poling. For a material such as PbTiO3 with a small
dielecoic anisotropy, the value of the ceramic ah should be lower than the dj, of the single crystal.

Expenimentally, PbTiOq has a ah/dh rato of 0.46, However, Equation 25 predicts that a matenal
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with a large dielectric anisotropy (—51 1/533) such as BaTiO4 could have a larger ceramic c_ih than the

¢ 3

corresponding single crystal dy,. Experimentally, BaTiO4 has a ceramic ah value of approximately

Pk

; ':_"'. twice the single crystal value.2 These results may be important in the design of materials for
o o

;‘C::: hydrostadc transducer applicatons, such as when a piezoelectric powder is dispersed in a

polymcrzs. The properties of this type of composite will depend on the composition of the powder

.
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=
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used and whether the powder is composed of single domain or multi-domain particles.
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SUMMARY

The upper and lower limits of the electrostrictive constants, dielectric permittivity,
spontaneous polarization, and piezoelectric coefficients were calculated for ceramic PbTiO from
theoretical single crystal constants. The ceramic was assumed to be composed of a large number of
small single crystals with all possible orientations. The ceramic properties were calculated from the
space averages of the single crystal constants, assuming that only 180° domain switching occurs.
The experimental ceramic data was shown to be within the predicted upper and lower limits.
Additional comparisons have been made between the theoretical predictions and low temperature
dielectric and piezoelectric measurements on samarium doped lead ttanate ceramics.2?

The series and parallel equations used to calculate the upper and lower limits were used to

derive reladons that showed how the ceramic electrostrictive anisotropy (Q I/Ql 5) depends on the
single crystal electrostrictive anisotropies (Qq 1/Q 2 and Qq4/Qq7). These relatons can be used for
b L . . .
w::-j any fourth rank tensor with similar tensor to matrix conversion, such as the elastic constants. The
r.:_\:_
P, ", . . . . >y ry .
EL ceramic piezoelectric anisoropy (d33/d3) was also shown to be related to the ceramic
. ¢lecrostrictive anisotropy. PbTiO3 was shown to have a large piezoelectric anisotropy, because of
:Z_{jI: the large electrostrictive anisoropy which was due to the small magnitude of the ceramic (—21 >
st - -
‘.:-',.-_ constant. Since the value the ceramic Q5 is close to zero, the sign of Q5 could easily change from
; 3 slight variadon in the single crystal anisotropies due to a temperature dependence or modification
o
T
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of the composition. This would also cause the 531 coefficient to change signs, and result in an
infinite piezoelectric anisoropy when d3 goes to zero.

Damijanovic et al.30 found that in calcium or samarium modified PbTiO ceramics the d
coefficient changes sign from negative values at low temperatures to positive values at high
temperatures. They showed that this change in sign was due to a positive extrinsic contribution to
531 that may dominate the negative intrinsic contribution. They also found that in
samarium doped PbTiO4 samples poled with low electric fields a positive 331 coefficient resulted
over all of the temperature range tested (down to -180°C). If the d-31 coefficient remains positive at
low temperatures where the exwrinsic contnbutions have "frozen out”, then the intrinsic 331 may
have increased to zero and become positive at low temperatures. They also found
that as the poling field was increased the dy; versus temperature curves shifted to lower values
(more negative). The amount of 90° domain switching increases as the poling field is increased
causing the intrinsic ceramic anisotropy to decrease toward that of the single crystal. This would
cause the intrinsic 531 to shift to lower values approaching the single crystal value as the poling
field is increased and would possibly explain the poling dependence that Damjanovic et al. 30
tound.

The single crystal and ceramic hydrostatic electrostrictive constants were found to be equal
when using either the series or parallel models. Using this result the ratio of the ceramic to single
crystal hydrostatic g, coefficients (gh/gh) was found to only depend on the degree of polarization
(P/P). The ah/dh ratio was found to depend on the ceramic to single crystal dielectric rado 533/8 13
in addition to the degree of poling. The ceramic ah could be less than the single crystal dy, as is
aways tue for the Eh coefficients, or could be larger depending on the dielectric anisotropy
'€1:/€43) of the single crystal.

The averaging procedure described in this paper provides a simple method of predicting the
spper and lower bounds of the inminsic ceramic properties from the single crystal constants. This

rrocedure could also be used to determine single crystal constants from the ceramic propertes. Pan
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and Ctoss31 have recently used the electrosmictive averaging equations to determine the single
crystal Qqq constant of Pb(Mgl /3Nb9/3)O3 from the measured single crystal and ceramic Q1 and
Q| 7 constants. These equations may also be useful in determining the compositional dependence of

the single crystal electrostrictive constants in the PZT system.
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TABLE CAPTIONS

TABLE! Electwostrictive Constants and Anisotropies of BaTiO5 and PbTiO;
TABLE O The Piezoelectric Coefficients of Ceramic PbTiO5 at 25°C
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TABLE I

Electrostrictive Constants and Anisotropies of BaTiO3 and PbTiO3

| (102 m#/C?) | -Qq - Qua
Q11 Q12 Qa4 Q12 Q12
BaTiO4 o o o o o
Single Crystal 1113 -4.428 5.852 2.5 1.3
Ceramic
Series: Eq. (5) 6.06 -1.90 159 32 8.4
Parallel: Eq. (9)  3.64 -0.690 8.66 5.3 12.6
Experimental 5.76° -1.240 14.06 4.6 11.3
PbTIO;
Single Crystal 8.9d -2.6d 6.75¢ 34 2.6
Ceramic
Series: Eq. (5) 5.65 -0.975 13.25 5.8 13.6
Parallel: Eq. (9)  4.37 -0.335 9.41 13.0 28.1
Single Crystal 8.9d -2.64 2.0f 3.4 0.77
Ceramic ‘
Series: Eq. (5) 170 -0.500 10.4 9.4 20.8
Parallel: Eq. (9)  2.28 0.708 3.15 3.2 4.4

1 Calculated from the spontaneous polarization (0.26 C/m?) and piezoelectric g data from
Reference 13.

> From Reference 14.

~ Calculated from Equation (7).

d From Reference 8.

© From Reference 3.

* From Reference 15.




TABLE I
 The Piezoelecric Coefficients of Ceramic PbTiO- at 25°C

Coefficient Lower Limit Experimental Upper Limit
g33 (1073 V) 18.3 332 (38Y) 42.6
g31 (10°3 vayN) -1.40 -3.58 -7.36
815 (103 viyN) 19.7 27¢ 50.0
da3 (1012 /Ny 163 393 (3ab) 38.0
d3 (10712 Ny -1.25 4.28 -6.57
d;5 (10712 o/Ny 17.6 53¢ 44.6

2Diamond shaped data paints in Fig. 4 (doped with 1.0 molede Mn, from Ref. 19).
bCircular shaped data points in Fig. 4 ( doped with 1.0 mole% Mn, from Ref. 19).
€Square shaped data points in Fig, 4 ( doped with 1.0 and 2.5 mole% Mn and La, from Ref. 24)
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FIGURE CAPTIONS

Figure . The ceramic G ratio plotted versus the single crystal & ratio for different values of the
single crystal g ratio calculated from a) the series model using Equation (10) and b) the

parallel model using Equadon (11). The square shaped data points correspond to

BaTiOj3, the circular shaped to the first set of PbTiO3 data in Table I, and the miangular
shaped to the second set of PbTiO4 data.

Figure 2. The dielectric susceptibility plotted versus temperature for ceramic PbTiO3. The data

points are experimental measurements from Reference 19.

- Figure 3. The spontaneous polarizaton of PbTiO4 plotted versus temperature. The dashed curve
®
e is the single crystal polarization calculated from phenomenological theory in Reference
,E 8. The solid curves represent approximations of the upper (= 0.5 P) and lower
-":'_ (=0.277 P) limits of the ceramic polarization. The data point is from Reference 22.
-
s
:jf:f Figure 4. The piezoelectric voltage ( gij) and charge (dij) coefficients plotted versus temperature
! ijﬁ for PbTiO3. The dashed curves are the theoretical single crystal coefficients calculated
_ from phenomenological theory in Reference 8. The solid curves A and B are the upper
:: and lower bounds of the ceramic coefficients calculated using Equation (17) for g33 and
e
‘:::',; similar equations for the remaining coefficients. The data points are experimental
.7 measurements from References 19 and 24.
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( ' ELECTROSTRICTIVE PROPERTIES OF THE LEAD
D
:: o ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM
3, ‘;)
!:::‘. M. J. Haun, Z. Q. Zhuang*. E. Furman®t, S. J. Jang, and L. E. Cross
'l
\ )
‘-::: Materials Research Laboratory
\:1 The Pennsylvania State University
N
o University Park, PA 16802
-
I::-I"‘_ Values of the electrostrictive constants for the lead zirconate-titanate (PZT) solid
.’J>f
":‘l‘z solution system were required to complete the development of a thermodynamic
o _
N phenomenological theory of PZT. The electrostrictive Q17 constant was measured as a
",:?:I? function of composition on polycrystalline ceramic PZT samples. This data was used with
"
AN additional single-crystal and ceramic data from the literature to approximate the compositional
__.-\ dependence of the electrostrictive constants of the PZT system. Series and parallel equations,
:E:::;I analogous to the Voigt and Reuss models for the elastic constants, were used to relate the
N ceramic and single-crystal data, and to predict the upper and lower bounds of the ceramic

19,

electrostrictive constants from the single-crystal constants.
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[. INTRODUCTION

Compositions in the lead zirconate-titanate (PZT) solid solution system have been

widely used in piezoelectric transducer applications in polycrystalline ceramic form.!

However, considerable difficulty has been encountered when attempting to grow single

oy crystals of PZT.2 Without single-crystal data indirect methods have been required to
W determine the coefficients of a thermodynamic energy function for the PZT syst'.-,m.z"4
N

:}' > In one particularly important indirect method, spontaneous strain and electrostrictive

o data were used to calculate the spontaneous polan'zau'on.3v4 Due to the lack of experimental ‘
. E.; electrostrictive data on PZT, the electrostrictive constants were assumed to be independent of
:“: composition and temperature. Zorn et al.3 used an x-ray technique to measured the

;__'.: composition and temperature dependence of the electrostrictive constants of crystallites in

PZT (modified with strontium, barium, and niobium) ceramic samples with compositions
| ¢ near the tetragonal-rhombohedral morphotropic boundary. They found that the

. _' electrostrictive constants were independent of temperature, but dependent on composition.

*‘: The purpose of this study was to further investigate the composition and temperature
x,\ dependence of the electrostrictive constants in the PZT system. In the next section
. calculations of the temperature dependence of the electrostrictive constants for three PZT

:: compositions will be presented. In Section III the results of experimental measurements of

-'E the compositional dependence of the ceramic electrostrictive Q17 constant will be described.

g,—{‘ In Section IV series and parallel averaging relations, analogous to the Voigt and Reuss

-:f: methods of averaging the elastic constants®, will be used to calculate the single-crystal

1;;: electrostrictive constants of two PZT compositions from a combination of single-crystal and

:__,_ ceramic data. The data from Sections IIT and IV will then be used in Section V with

* ::_w_": additonal data from the literature to approximate the compositional dependence of the

':'_ electrostrictive constants of PZT. Finally a summary of this study will be presented in

9_'., Section VI.
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0. TEMPERATURE DEPENDENCE OF THE ELECTROSTRICTIVE
CONSTANTS OF PZT

Jang’ and Uchino et al.8 have shown that the single crystal electrostrictive constants
Q11 and Q17 of Pb(Mg1 3Nb2/3)O3 are independent of temperature, within the limits of
their experimental error. Zom et al.5 found that from 150 to 200°C the electrostrictive
constants Q11, Q12 and Q44 of crystallites in Pb(y §3Srq 12Bag 05(Zrg.6Tig.38Nb 02103
ceramic were independent of temperature, again within the limits of the experimental error.
In addition, Meng et al.9 found that the Q] and Q|2 constants of ceramic PLZT (lanthanum
modified PZT) were virtually independent of temperature. Thus from these measurements
the electrostrictive constants of perovskite ferroelectrics appear to be fairly independent of
temperature. In this section additional calculations from published data will be presented to
further demonstrate that the electrostrictive constants of PZT compositions are only slightly
temperature dependent.

The temperature dependence of the spontaneous polarization and strain will be used
to calculate the electrostrictive constants for PbTiO3, PZT 40/60 (40% PbZrO3 and 60%
PbTi03), and PZT 90/10 using the following tetragonal and rhombohedral relations3:

Terragonal

x1=x2=Q12 P32, x3=Q1P32, x4=x5=x4=0 (1)
Rhombohedral

x1 =x2=x3=(Q11+2Q12) P32, x4 =x5=x6=Qqq P32 )

The x; (1=1, 2, ..., 6) are the spontaneous strains in reduced notation. Q11, Q12, and Q44
are the cubic electrostrictive constants. P3 is the component of the spontaneous polarization
in the x3 direction, and thus is equal to the spontaneous polarization (Ps) in the tetragonal
phase. In the rhombohedral phase P3 = 31/2pg,

Equatons (1) and (2) were derived from the Devonshire form of the elastic Gibbs

free energy function under zero stress conditions3, and can be used to calculate the




electrostrictive constants from experimental spontaneous polarization and strain data.
Equation (2) represents the spontaneous strain relations for the high-temperature
rhombohedral phase in the PZT system. The low-temperature rhombohedral phase will not
be dealt with in this paper (see Reference 4 for strain relations for this phase). Equaton (1)
will be used for the PbTiO3 and PZT 40/60 compositions, which have tetragonal structures.
Equation (2) will be used for the rhombohedral PZT 90/10 composition.

The only direct experimental data available on the temperature dependence of the
spontaneous polarization of single crystal PbTiO3 was calculated by Remeika and Glass10

i
|
|

from pyroelectric measurements. They found the room temperature value to be 0.56 C/m2
using liquid electrodes and a pulsed field technique. This value is smaller than
Gavrilyachenko et al.'s1 1 value of 0.75 C/m2. For use in calculating the electrostrictive
constants, Remeika and Glass's data was corrected to agree with Gavrilyachenko et al.'s

value using the following relation:

Pg = (AP + 0.17 C/m2) (0.75/0.56) (3)

AP was the change in polarization that Remeika and Glass calculated from their pyroelectric
measurements, and 0.17 is their Pg value at Tc.

Haun et al.12 calculated the spontaneous strains x1 and x3 of the tetragonal structure
of PbTiO3 from high-temperature x-ray diffraction cell constant data by assuming that the
electrostrictive constants were independent of temperature. The following procedure was
used to recalculate the spontaneous strains independent of the electrostrictive constants for
use in this study. Using the data from Reference 12 the first step was to use a linear
extrapolation of the cubic cell constant down to the first four sets of tetragonal cell constant
data. The spontaneous strains x| and x3 were then calculated at these four temperatures
(using Equation (19) in Reference 12], and fitted with theoretical strain relations [Equations
(17) and (18) in Reference 12]. Using the constants obtained from this fitting the

spontaneous strain could then be extrapolated down to lower temperatures [using Equations
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(17) and (18) in Reference 12].

This spontaneous strain data was then used with Remeika and Glass's corrected
polarization data (described above) to calculate the temperature dependence of the
electrostrictive Q1 1 and Qg7 constants of PbTiO3, as shown in Figure 1(a). Only a slight
temperature dependence was found up to about 300°C. The larger increase of the
electrostrictive constants above 300°C was probably due to the larger error in polarization an
strain data near T where large changes occur in these quantties. The values of the percent
change in Q11, Q12, - Q11/Q12 and Qp, (= Q1+ 2 Qj2) for PbTiO3 from 0 to 100°C are
listed in Table I. All three constants change less than 2 %/100°C, and the ratio - Q11/Q12
only changes 0.37 %/100°C.

Tsuzuki et al.!3 measured the spontaneous polarization versus temperature on a PZT
40/60 single crystal from ferroelectric hysteresis loops. This data was used with
Amin et al.'s3 spontaneous strain data to calculate the temperature dependence of the
electrostrictive constants Q11 and Q12, as shown in Figure 1(b). Since this strain data was
calculated using the cubed root of the tetragonal volume as the extrapolation of the cubic cell
constant [problems develop when using this procedure; see Reference 12 for details], it was
first corrected using the value of the Q11/Q17 ratio that was determined in Section V of this
" paper. As can be seen in Figure 4.1(b) the electrostrictive constants of PZT 40/60 are only
slightly temperature dependent. This dependence again becomes stronger at higher
temperatures approaching T, probably because of the larger error in this region. The
% change/100°C is listed in Table I. The value is larger than that of PbTiO3, but stll should
be considered small.

Clarke and Glazer !4 measured the temperature dependence of the spontaneous
polarization of PZT 90/10 single crystals from hysteresis loops. They also measured the
rhombohedral cell constants using high temperature x-ray diffraction. The spontaneous
strain x4 [= (90 - aR)/90] was calculated from their rhombohedral angle (ag) data, and used

with the polarization data to calculate the electrostrictive Q4 constant in the high-temperature
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rhombohedral state, as shown in Figure 1(c). From 140 to 190°C the Q44 constant was
virtually independent of temperature, with only a 0.47 %change/100°C from a linear fit (listed
in Table I). Above and below the plotted temperature range the Q44 increased significantly
as the temperature approached the transitions to the cubic phase at higher temperatures, and
the low-temperature rhombohedral phase at lower temperatures. This is again believed to be
probably due to the larger experimental error in the measurements at temperatures close to the
transitons.

The data in Figure 1 and Table I have shown that the electrostrictive constants of
PbTiO3 and PZT compositions are only slightly temperature dependent in agreement with the

data in the literature on perovskite ferroelectrics.

. EXPERIMENTAL MEASUREMENTS OF THE CERAMIC Q12 CONSTANT

As described in the Introduction the values of the single-crystal electrostrictive
constants as a function of composition are required for the development of a thermodynamic
theory of PZT. Due to the difficulty of growing single-crystals of PZT very little
single-crystal electrostrictive data exists. Some electrostrictive data was measured on ceramic
PZT sarriplcslS, but this data is conflicting and does not provide a complete picture of the
electrostrictive propertes of PZT. To provide additional data to determine the compositional
dependence of the elecrostrictive constants in the PZT system, the Q17 constant was
measured on a series of ceramic samples. These measurements will be described in this

section.

Pure homogeneous PZT ceramic samples were fabricated from sol-gel derived

:f.:::', powders as described in Reference 16. Thin rectangular-shaped samples with dimensions of
yj: 10 by 4 by 0.3 mm were cut from sintered disks, and sputtered with gold electrodes. The

::5.'::: electrostrictive strain and polarization were measured simultaneously under a cycling electnc
Et..i field at a frequency of 0.1 Hz. A variable frequency modified Sawyer-Tower circuitl 7 was
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used to measure polarization-electric field hysteresis loops, which were used to determine
values of the polarization as a function of applied electric field. A polyimide based foil strain
gage" was carefully bonded to the samples with a polyester adhesive.** The gage resistance

EL 1 .
The transverse strain

was measured using a dc bridge type dynamic strain amplifier.
level, x12, was then recorded on a strip chart recorder as a function of electric field.

The electrostrictive Q12 constant was calculated from the slope of the transverse
strain plotted versus the square of the polarization using the method described in Reference 9.
The resulting Q12 values for five PZT compositions are listed in Table I, and plotted later in
this paper in Figure 3(b). The Qj2 constant increased slightly from PZT 90/10 to 60/40, and
then a large increase occurred near the PZT 50/50 composition. Zom et al.3 found similar
results for Pb 835rg.12Bag.05(Zrx Tig.98-xNb(.02]O3 compositions with x ranging from

045 to 0.65, where the Q17 constant, as well as the Q1 | constant, increased with increasing

titanium content.

IV. CALCULATION OF THE SINGLE-CRYSTAL ELECTROSTRICTIVE
CONSTANTS FOR PZT 50/50 AND 90/10

The ceramic Q17 data presented in Section IIT was used with additional data from the
literature to determine the single-crystal electrostrictive constants using series and parallel
averaging relations. PZT 50/50 and 90/10 were the only compositons where enough
electrostrictive data was available to use this procedure. The methods used to calculate the

constants for these compositions will be described in this section.

*Kyowa KFR-02-C1-11. Kyowa Electronic Instruments Co.. LTD., Tokyo, Japan.
**Kyowa PC-12.
***Kyowa DPM-612B.
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Series and parallel electrostrictive averaging relations, analpgous to the Voigt and

Reuss methods of averaging the elastic constants,® were presented in Reference 18. These

‘.”-

-
:Ef equations relate the polycrystalline Q11, Q12 , and Q44 constants to the single-crystal
" E constants. However, because a polycrystalline material is isotropic, the Q44 equation is
," related to the Q1 and Qj7 relations, and thus only two independent equations exist for the
‘ ,:J series or parallel models. For this reason, if values of the polycrystalline Q1) and Q12
: ‘,‘E‘E constants are known, then a single crystal constant or some relation involving the single
crystal constants will also have to be determined to be able to use these averaging equations
:,;E" to solve for the single crystal Q1, Q12 , and Q44 constants.
:":' The rullowing procedure was used to calculate the single-crystal constants of PZT
. 50/50 using the ceramic Q17 value of - 0.0228 m#/C2 from Table II, and additional
information from the literature. Zhuang et al.19 measured the ceramic piezoelectric d33 and
‘ d31 charge coefficients, and found that the d33/d3 ratio was - 2.2 for the PZT 50/50
1 composition. The ceramic Q1 {/Q17 ratio was also assumed to have a value of - 2.2, by
:' assuming that the boundary conditions are the same for the d33 and d3 coefficients (see
‘}:.: Reference 18 for more details concerning this assumption). If the ceramic Q]1/Q12 ratio is
o

close to two, then the single crystal Q11/Q2 ratio will also have a value close to two when

A

using either the series or parallel models.18 Zom etal.d experimentally found that the

" :
'I '
E;‘E Q11/Q) 2 ratio was approximately - 2 for PZT compositions (modified with strontium,
o
A barium, and niobiumn) close to the tetragonal-rhombohedral morphotropic boundary.

Using the ceramic Q]2 value of - 0.0228 m%/C2 and a ceramic Q1 1/Q12 ratio of

- 2.2, the single crystal Q1 1/Qq7 rato was varied to obtain reasonable values of the single
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crystal constants using the series and parallel models. This procedure resuited in a single
crystal Q1 1/Q2 ratio of - 2.1, and the same single crystal Q1 and Q12 constants when

using either model, but different Q44 values. The series model gave a Qg4 of 0.0532
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;'" N m%/C2, while the parallel model resulted in a value of 0.1106 m+/C2. The average of the

t:-f two models was taken as the Q.4 for this composition and is listed in Table III along with the
>
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resulting Q11 and Q12 values.
The series and parallel models were also used to determine the single-crystal

W .

> constants for the PZT 90/10 composition using the ceramic Q7 value of - 0.006 m%/C2 from
N Table II, and additional data from the literature. A single crystal Q44 constant of 0.049

2 m%/C2 was calculated in the high-temperature rhombohedral state from Clarke and
: ‘f-: Glazer's14 spontaneous polarization data, and Haun et al.'s20 spontaneous strain x4 data.

- Ujma et al.2] calculated the hydrostatic electrostrictive Qp (= Q11 + 2 Qq2) constant for

Ll ceramic PbZrOj as a function of temperature and defect concentration from measurements of
the pressure Curie constant (linear slope of the inverse dielectric constant of the cubic phase
versus pressure). They found that the Qp, decreased with increasing temperature above T
! Assuming that this temperature dependence was due to their measurements close to T, a
value of Qp, of 0.02 m3/C2 was chosen from their highest temperature measurement above
'.jJ_'_'. Tc on an undefected sample. The PZT 90/10 composition was also assumed to have this
L value of Q.

o Using the above values of the single-crystal Q4.4 and ceramic Q17 and Qy, constants,
the single crystal electrostrictive constants of the PZT 90/10 composition were calculated

" from the series and parallel models. The ceramic Q17 constant and ceramic Q11/Q12
(caqulaied from Q17 and Qy,) ratio were fixed, while the single-crystal Q11/Q17 ratio was
varied until the average of the series and parallel Q44's was equal to the experimental value.

Because the single crystal and polycrystalline Q11/Q1 2 ratios were used in the series and

Y s

s parallel models, the same values result for the Q11 and Q12, but different Qq.4's result. The
o,
o
;.\ series model gave a Q44 value of 0.0385 m%/C2, while the parallel model gave a value of
: 0.0592 m#/C2. The average of these two values was used as the Qa4 for the PZT 90/10
X compositon, and is listed in Table [II along with the resulting Q11 and Q7 values.
7
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V. COMPOSITIONAL DEPENDENCE OF THE ELECTROSTRICTIVE
CONSTANTS OF PZT

In this section the single crystal electrostrictive constants determined in the last
section for the PZT 50/50 and 90/10 compositions will be used with previously determined
PbTiOg3 constants 12,22 1o approximate the compositional dependence across the PZT solid
solution system. The values of the constants for these three compositions were listed in
Table ITI. This data indicates that all three constants Q1 {, Q12, and Q44 have larger values at
the PZT 50/50 composition, than at the PbTiO3 or PZT 90/10 compositions.

The following Cauchy type equation was used to fit the Q1 1, Q12, and Qg4 data:

a
Qi=————_+dx + ¢, 4
Y+ bx-o)2

where a, b, ¢, d, and e are constants, and x is the mole fraction PbTiO3 in PZT. The
constant ¢ was set equal to 0.5 to cause the peaks to form at the PZT 50/50 composition.
Values of the a, d, and e constants were found by fitting the data listed in Table III. The b
constant was used to cbntrol the shape (width) of the peaks. A value of 200 was found to
give fairly good upper and lower bounds (series and parallel models) around the ceramic Q1
data listed in Table II [see Figure 3(b)).

The resulting values of the five constants for Q1 1, Q12, and Qg4 are listed in Table
[V. These values were used to calculate the compositional dependence of the electrostrictive
constants using Equation (4), as shown in Figure 2(a). At this time the cause of the increase
of the electrostrictive constants in the center of the phase diagram is not understood.
However, this behavior does give fairly good agreement with other experimental data. The
anomalous behavior may be related to the tetragonal-rhombohedral morphotropic boundary,
or possibly due to some type of ordering that occurs in the PZT structure at the PZT 50/50
composition. In addigon to the peaks in the electrostrictive constants, and the well
established peaks in the dielectric and piezoelectric propertes near the morphotropic

boundary, the Curie constant has also been found to form a peak in this region.23 Studying
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these properties in other solid solution systems, such as the Pb(Mgj/3Nb2/3)03 - PbTiO3
system where the morphotropic boundary occurs well away from the 50/50 compositon,
may lead to an understanding of this behavior.

The Qp, constant and - Q12/Q1] ratio were also calculated and plotted versus
composition in Figures 2(b) and (c). The - Q12/Q1 ratio also forms a peak at the PZT 50/50
composition with the peak value approaching 0.5, the theoretical maximum value of this
ratio. The - Q12/Qj] rato is analogous to Poisson's ratio, which is equal to - s12/s11,
where the sj; are the elastic compliance coefficients. When the value of Poisson'’s ratio

approaches 0.5, the material becomes mechanically incompressible. In a similar way when

l'..l":

4
-
S
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the - Q12/Q1 1 ratio approaches 0.5, the hydrostatic electrostrictive constant becomes very

YA

smali {see Figure 2(b)], and it is difficult to produce a volumetric electrostrictive strain in the
material.

Haun et al. 18 showed that as the single-crystal - Q2/Qq ] ratio increases, the
ceramic - Q12/Qq ratio will also increase, when using either the series or parallel models.
This effect is shown in Figure 2(c), where the ceramic - Q172/Qq] ratio is plotted versus
compositioh for the series and parallel models. The single-crystal - Q12/Qq4 ratio also
controls the ceramic - Q12/Q11 ratio, but has little effect when the single-crystal - Q12/Q11
ratio approaches 0.5.18

The piezoelectric anisotropy (- d33/d31) in PZT ceramics is of considerable
importance in hydrophone and medical ultrasonic imaging applications, where a large
piezoelectric anisotropy is desired for increased hydrostatic sensitivity.24 The piezoelectric

anisotropy in PZT ceramics is much larger for compositions near the end members PbTiO3

Vo and PbZrO3, than for compositions in the center of the phase diagram near the morphotropic
@

. phase boundary.

?.j-c.

i_'.j:-' The values of the single-crystal electrostrictive ratios - Q12/Q11 and - Q12/Q44

» \4:

,'-?_Ij:: have been shown to be related to the large piezoelectric anisotropy that occurs in ceramic
.‘, PbTiO3.18 This same type of analysis can now be extended across the PZT system using
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vl the electrostrictive data plotted in Figure 2. The change in the single-crystal electrostrictve
[ ratios across the PZT system will account for the change in piezoelectric anisotropy that
o
e occurs. The dielectric anisotropy and degree of polarization have also been shown to be
a
__: related to the ceramic piezoelectric anisotmpy.l& 25
-~

The single crystal electrostrictive constants were also used to calculate the

)

E compositional dependence of the upper and lower limits of the ceramic constants using the
N":: series and parallel models, as shown in Figure 3. The ceramic Q]2 data points shown in |
o Figure 3(b) are from Table II, and were used to determine the value of the b constant (listed
; :_-E" in Table IV) that caused the series and parallel models to give upper and lower bounds 1
; ‘Z around the data, as described earlier in this section. Larger peaks occurred in the limits of the !
::' ceramic Q17 constant compared to that of the Q1 and Q44 constants. The upper and lower
: limits of the Q) 1 constant for PbZrO1 are in good agreement with experiment ceramic
E measurements by Roleder.26
; | V1. SUMMARY
. The electrostrictive constants of PZT were shown to be only slightly temperature
:’_:j - dependent. The eiectrostrictive Q17 constant was measured as a function of composition on
é‘ pure homogeneous PZT ceramic samples fabricated from sol-gel powders. This data was
oS used with additional single-crystal and ceramic data from the literature to approximate values
?: of the single-crystal electrostrictive constants using series and parallel equations, analogous
_ ‘fs to the Voigt and Reuss models for the elastic constants.
| :\ Equations were then used to fit the compositional dependence of the single-crystal
i

and ceramic Q17 data. These equations were used to approximate the single-crystal

electrostrictive constants as a function of composition. A peak was found to occur in the

DG

electrostrictive constants in the center of the phase diagram. Additional research is needed the

understand the cause of this anomalous behavior.
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The change in the ratios of the single-crystal electrostrictive constants as a function
of composition can be used to explain the large electromechanical anisotropy that occurs in
cesamic samples with compositions near the end members PbTiO3 and PbZrO3, but does not
occur in ceramic samples with compositions in the center of the phase diagram near the
morphotropic phase boundary.

A thermodynamic theory for the entire PZT systemn has recently been completed
using the values of the electrostrictive constants that have been presented in this paper. The

results of this theory will be published in the future.
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_ Table I Temperature Dependence of the Electrostrictive Constants of PZT
.
o8 Composiion ~ Constans Temp.Range °Q) % Change/100°C
b PbTiO3 Q11 0- 100 1.4
.,'_. PbTiO3 -Qq2 0 - 100 1.8
l‘ .
_:E: PbTiO3 Qh 0 - 100 1.0
A
Lo PbTiO3 - Q11/Q12 0- 100 0.37
___ PZT 40/60 Q11, - Q12 25 - 150 5.2
o
s PZT 90/10 Q4 140 - 190 0.47
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Table I Experimental Values of the Ceramic PZT

l‘l’

Electrostrictive Q12 Constant

= Zs/Ti Q2 (m¥C2)
2 90/10 - 0.0060
e
o 70/30 - 0.0075
N
o 60/40 - 0.0090
At
A
oA 52/48 -0.0158
:‘.
° 50/50 - 0.0228
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oo Table Il Single Crystal Electrostrictive Constants

N Composition Q1 m¥C%)  Qq2 (m#/C2) Qg4 (m¥C2)

R, PbTiO3 0.0892 -0.0262 0.0675°
3 PZT 50/50 0.0966 - 0.0460 0.0819
X PZT 90/10 0.0508 -0.0154 0.0490

a From Haun et al. 12

".

.«

b From Turik et al.22
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Table IV. Values of the Constants used in Equation (4) to calculate the Compositional

>

ﬂ;a
A

Dependence of the Electrostrictive Constants of PZT

o.~

L3
NN

a b < d <

Q11 0.029578 200 0.5 0.042796 0.045624
Q12 - 0.026568 200 0.5 -0.012093  -0.013386
Qu 0.025325 200 0.5 0.020857 0.046147

, ‘l&.s 5
E

PR R b )

a

]
'l »
Y 5

u“"ﬂl
»alty

R
a s
LI Y B 4

Rl )
PLEF AP 3 AV

r Ny Yy

R DN
« et .
.“‘. 4 '.‘...'.'.‘ pe ' .. I‘. ‘:‘_: l_u" 2 .-'5"\' -‘ :i;iJ

-4:'.." ' ®
S,

N M AW ¥ W, e T8 N e W Y o ~ % > " a .

.0, 0%y x, ol S " SIS AT A o N P T rar PR I S o VAL i
v () 9 ny " “n " OO (
s '.'. ol S A o Lndhd J . '.'.‘.'...l 0"'-'..1 "q'l o...n.. L) i l'.’n'l’.‘l » .':.'.1"1'...0 .8 ,l N o N X vl N ,! '.0".0 S W .r W i "l..u',.l"‘.!'?.




<

.’:‘. : |
AP

16

REFERENCES

1B. Jaffe, W. J. Cook, and H. Jaffe, Piezoelectric Ceramics, Academic Press,
London (1971).

2R. Clarke, and R. W. Whatmore, "The Growth and Characterization of
PbZr,Tij.xO3 Single Crystals," J. of Crystal Growth, 33, 29-38 (1976).

3A. Amin, M. J. Haun, B. Badger, H. A. McKinstry, and L. E. Cross, "A
Phenomenological Gibbs Function for the Single Cell Region of the PbZrO3:PbTiO3 Solid
Solution System," Ferroelectrics, 65, 107-130 (1985).

4M. J. Haun, Z. Q. Zhuang, S. J. Jang, H. A. McKinstry, and L. E. Cross, "A
Phenomenological Theory for the Second Order Transition Region of the PZT Solid Solution
System," in Proc. of the 6th [EEE International Symposium on the Applications of
Ferroelectrics, Lehigh, PA, edited by Van Wood, [EEE, New York, 398-401 (1986).

5G. Zom, W. Wersing, and H. Gobel, "Electrostrictive Tensor Components of
PZT-Ceramics Measured by X-Ray Diffraction,” Jpn. J. App. Phys., 24 Supplement 24-2,
721-723 (1985).

6R. F. S. Hearmon, An Introduction to Applied Anisotropic Elasticity, Oxford
University Press, Oxford, pp. 41-44 (1961).

7S.1. Jang, Electrostrictive Ceramics for Transducer Applications, Ph.D. Thesis in
Solid State Science, The Pennsylvania State University (1979).

8K. Uchino, S. Nomura, L. E. Cross, S. J. Jang, and R. E. Newnham,
"Electrostrictive Effect in Lead Magnesium Niobate Single Crystals," J. Appl. Phys., §1{2]
1142-1145 (1980).

9z7. Y. Meng, U. Kumar, and L. E. Cross, "Electrostriction in Lead Lanthanum
Zirconate-Titanate Ceramics," J. Am. Ceram. Soc., 68 (8] 459-62 (1985).

105, p. Remeika and A. M. Glass, " The Growth and Ferroelectric Properties of High
Resistivity Single Crystals of Lead Titanate,” Mar. Res. Bull., §, 37-46 (1970).




17

11V, G. Gavrilyachenko, R. I. Spinko, M. A. Martynenko, and E. G. Fesenko,
"Spontaneous Polarization and Coercive Field of Lead Titanate," Fiz. Tverd. Tela., 12 {5]
1532-1534 (1970); Sov. Phys. - Solid State, 12 [5] 1203-1204 (1970).

12M_. J. Haun, E. Furman, S. J. Jang, H. A. McKinstry, and L. E. Cross,
"Thermodynamic Theory of PbTiO3", J. Appl. Phys., 62 [8] 3331-3338 (1987).

13K. Tsuzuki, K. Sakata, M. Wada, "Dielectric Properties of Single Crystals of
Pb(ZryTi.x)O3 Solid Solutions (x = 0.5)," Ferroelectrics, 8, 501-503 (1974).

14R. Clarke, and A. M. Glazer, "The Ferroelectric-Ferroelectric Transition in
Rhombohedral Lead Zirconate-Titanate," Ferroelectrics, 12, 207-209 (1976).

15Landolt-Bomstein Numerical Data and Functional Relationships in Science and
Technology New Series, Group III: Crystal and Solid State Physics, Vol. 18 Supplement to
Volume III/11, Elastic, Piezoelectric, Pyroelectric, Piezooptic, Electrooptic Constants, and
Nonlinear Dielectric Susceptibilities of Crystals, Editors in Chief: K.-H. Hellwege and
O. Madelung, Springer-Verlag, New York, p.274 (1984)

167. Q. Zhuang, M. J. Haun, S. J. Jang, and L. E. Cross, "Fabrication and
Characterization of Pure Homogeneous PZT Ceramics From Sol-Gel Derived Powders,"
Am. Ceram. Soc. (submitted for publication).

17j . K. Sinha, "Modified Sawyer and Tower Circuit for Investigation of Ferroelectric
Samples," J. Phys. E., 42, 696-701 (1965).

18M. J. Haun, E. Furman, S. J. Jang, and L. E. Cross, "Modeling of the
Electrostrictive, Dielectric and Piezoelectric Propertes of Ceramic PbTiO3,"” Trans. [EEE
Ultrasonics, Ferroelectrics and Frequency Control Soc., (submitted for publication).

197. Q. Zhuang, M. J. Haun, S. J. Jang, and L. E. Cross, "Low Temperature
Dielectric, Piezoelectric, and Elastic Properties of Pure (Undoped) PZT Ceramics”, in Proc.
of the 6th [EEE Intemational Symposium on the Applications of Ferroelectrics, Lehigh, PA,
edited by Van Wood, [EEE, New York, 394-397 (1986).

B B 2 NN oo ol



R TR RTERAROTRARTE TRFE T RERE VRN TEaWWRTuURTTTURTC YW

18

20M. J. Haun, Y. H. Lee, H. A. McKinstry, and L. E. Cross, "High Temperature
X-ray Diffraction Study of Sol-gel Derived Pb(ZrxTij.x)O3 Powders"”, Proc. of the
Thirty-fifth Annual Conference on Applications of X-ray Analysis, Aug. 4-8, 1986, Denver,
CO, in Advances in X-ray Analysis, Vol. 30, 473-481 (1987).

217, Ujma, J. Handerek, and M. Pisarski, "Changes in Phase Transition
Temperatures in PbZrQO3 with Pb and O Vacancies under the Influence of Hydrostatic
Pressure," Ferroelectrics, 64, 237-245 (1985).

22A. V. Turik, E. G. Fesenko, V. G. Gavrilyachenko, and G. I. Khasabova,
"Anisotropy of the Dielectric and Piezoelectric Properties of Lead Titanate," Kristallografiya
19, 1095-1097 (1974); Sov. Phys.-Crystallogr. 19, 677-678 (1974).

23A. Amin, L. E. Cross, and R. E. Newnham, "Calorimetric and Phenomenological
Studies of the PbZrO3:PbTiO3 System," Ferroelectrics, 37, 647-650 (1981).

24Y. Takeuchi, S. Jyomura, C. Nakaya, "New Piezoelectric Materials for Ultrasonic
Transducers," Proc. IMF-6, Jpn. J. App. Phys., 24 Supplement 24-2, 36-40 (1985).

25W. Wersing, K. Lubitz, and J. Mohaupt, "Anisotropic Piezoelectric Effect in
Modified PbTiO3 Ceramics,” Presented at the 6th IEEE International Symposium on the
Applications of Ferroelectrics, Lehigh, PA (1986).

26K Roleder, "Measurement of the High-Temperature Electrostrictive Properties of

Ferroelectrics," J. Phys. E: Sci. Instrum., 16, 1157-1159 (1983).

TS T W T TWTY N TS VI YWY TP W "W T 7 I 7 e




¢ LAsanseunshiaedbianid o bak Sall Bl BB .4 o a8 a8 ‘2 ova -~ g W
L2 0’

Vo o

]

19

s
‘-

L,

IR v is s
LLLL&’ L

FIGURE CAPTIONS
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Figure 1. The single crystal electrostrictive constants plotted versus temperature for

- (a) PbTiO3, (b) PZT 40/60, and (c) PZT 90/10.

Figure 2. The electrostrictive constants and ratios plotted versus composition. The single

.‘ 2 4
ORIV

crystal constants Q11, - Q12, Q44, and Qp, are plotted in (a) and (b). The single
crystal and ceramic Q1 1/Q12 ratios (upper and lower limits labeled 1 and 2)

e S

o were plotted in (). A bar over a symbol refers to polycrystalline ceramic

o constants. The data points in (a) are from Table III.

Figure 3. The upper and lower limits of the polycrystalline ceramic electrostrictive

)@
’L"\".‘,!

PRENLINN
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constants plotted versus composition. Series and parallel models were used to

Pl

XX

calculate the curves labeled 1 and 2, respectively. The data points shown in (b)

LA

(
2
o

are from the ceramic measurements listed in Table II. A bar over a symbol refers

0 polycrystalline ceramic constants.
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TEMPERATURE BEHA VIOR OF DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF
SAMARIUM DOPED LEAD TITANATE CERAMICS
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M.J. Haun, S.J. Jang and L.E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
X.R. Xue

Nanjing Institute of Chemical Technology
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ABSTRACT

The dielectric and clcctrbmechanical coupling properties of Sm- and Mn-doped PbTiO;
ceramics were investigated from 4.2 to 300°K. The upper and lower limits of the ceramic dielectric
and piezoelectric properties were calculated by averaging the single-domain constants which were

determined from a phenomenological theory. Comparisons of the measured and calculated

propertdes were then made.

( The measured dielectric permittivity eT33 and piezoelectric strain coefficient d33 appear to be
-, :

; : mainly due to the averaging of the intrinsic single-domain response. The large piezoelectric and
;,'; elecromechanical anisotropies present in modified PbTiO3 ceramics also appears to be an intrinsic

property of the material. The piezoelectric coefficient d31, as well as the planar coupling coefficient

kp, were found to have very small values over two temperature regions, from 120 to 170°K and
from 240 to0 270°K.

INTRODUCTION

Modified PbTiO4 ceramics which show large anisotropic piezoelectric coupling at room

‘.' .l..;"'.l ‘l . .l L_'\l u U‘ L)

-

temperature were recently mponcd(l‘4). The temperature behavior of the piezoelectric properties
of Sm- and Mn-doped PbTiO5 were also invcstigated(s). It is interesting as well as important to

2 a . - So &
LSl eSS

understand why these modified PbTiO4 ceramics have such a large anisotropic electromechanical

coupling property.
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In this study, the dielectric properties, eT33 and tan §, and electromechanical coupling

' en

properties, d31, d33, kp, and k;, of 10 mole% Sm- and 2 mole% Mn-doped PbTiO3 ceramics were
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investigated from 4.2 to 300°K. At low temperatures, the thermally activated contributions to the
dielectric and coupling properties “freeze out.” The observed temperature behavior of the material

properties, eT33, dj3 and d3, were compared with the predicted values of the intrinsic

ﬁ;".{ contributions to the upper and lower limits of the ceramic propertics(6) which were calculated from
f:'.j‘.; the single crystal constants determined from a phenomenological theory of PbTiO3(7). The
:l ‘ ' unusually small values of piezoelectric coefficient d; were also explained according to the recent
: "\.: results of Damjanovic et al.(9:10),
N EXPERIMENTAL PROCEDURE

-'-

The composition investigated in this study was (Pbg gsSmy) 10)(Tig 9gMng 2)03. Reagent

L]

-.———ﬁ

N grade oxides, PbO, Smy03, TiO5, and MnO were mixed and milled for 6 hours using zirconia
:5-53 balls, then dried and calcined in a closed alumina crucible at 900°C for 1 hour. The calcined
N powder was pressed in a die at 5000 psi to form green disks. These disks were fired at 1200°C for
. " 1 hour in a closed crucible with a lead source. The final density of the ceramic samples was better

'_ than 95% of the theoretical value. Disks were cut to several different shapes and dimensions to

.. measure the dielectric and electromechanical coupling coefficients. Reshaped samples were
EL\'.) electroded with sputtered gold and poled in silicone oil with a field of 60 kV/cm applied for 5
:.‘:‘ minutes at 150°C. All of the samples satisfied the dimensional requirements of the IRE standards
h on piezoelectric crystals(s). The samples were carefully connected with very fine silver wire and
", suspended in a vacuum in an in-house made holder on an Air Products and Chemicals Mode!l
" LT-3-110 cryogenics system. The dielectric properties were measured on a Hewlert Packard

.:::: automatic capacitance bridge model 4270A. The electromechanical coupling properties were
:*v.:: investgated by the resonance method using a Hewlett Packard spectrum analyzer model 3585A.
:EE R AND DI N

.r‘ Two samples with the same composition and fabricated by the same procedure were studied.
: E’E: The relanve dielectric permittivity eT33 and dissipation factor tan § were measured at 1 KHz from
e 4.2 10 300°K. These measurements are plotted in Figures 1(a) and 1(b).

'::E: The intrinsic dielectric permittivity of ceramic PbTiO43 was calculated using series and parallel
,\: models in Reference 7. These calculatdons were adjusted by shifting the Curie temperature T to
; 300°C to match that of the samples fabricated in this study. In Figure 1(a), the experimental and
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. .a.

:\ intrinsic theoretical permittivities are compared. At low temperatures where the extrinsic

;.': contributions have "frozen out,” the agreement is fairly good. As the temperature is increased, only
(FL' a small difference develops between the experimental and theoretical permittvities, indicating that

; ):g the polarizability is stll largely due to the intrinsic averaging of the single-domain response.
el The dielectric loss measurements are shown in Figure 1(b). Below about 50°K the loss |
.5‘, decreases very rapidly, which suggests that the thermally activated contributions to the dielectric |
\, properties freeze out quickly at iow temperatures.
,{é The measured piezoelectric coefficients, d33 and dy;, are shown in Figures 2(a) and 2(b) |
A along with the calcualted upper and lower limits of the intrinsic ceramic piezoelectric coefficients. 1
;: These calculations were made. by shifting the Curie temperature to 300°C, as was done with the 1
'_:'. dielectric data, using the results of Reference 7. The experimental d33 data falls between the ‘
::' predicted upper and lower limits with a similar temperature dependence. This indicates that the \
;':é measured d33 is mostly due to the intrinsic single doman response. i
\ _ég The d3; measurements also fall between the predicted upper lower limits, except over two i
( = temperature regions, from 120 to 170°K and from 240 to 270°K. Over these temperature regions,
';: the resonance spectrum displaced upon the HP 3585A analyzer was too weak to measure, as

'.;: shown in Figurev3, with the resonance at 300°K for comparison. This suggests that the IRE
:: standard method may not be adequate near these two tempeature regions.

:C:.-j The exceedingly small frequency differences between parallel (fp) and series (f;) resonances
'_'":: may not be close enough to the differences between the maximum (f;;) and minimum (f;,)
:\: impedance frequencies. The vector impedance method is more accurate in obtaining greater

gt‘i precision in the case of immeasurably small resonance regions like these.

5 : Damjanovic, et al.(9:10) ysed this method to measure the complex values of the material

,:3_" constants (dij", Sij*' and eij*). They found that the real part of the d3 coefficient changes sign

.f.' and becomes positive at high temperatures. This result is illustrated in the insert in Figure 2(b) by

%2 the dashed curve (note that the negative d3 is plotted). The sign of d3; could not be measured

:", using the resonance method in this study, and therefore was not assumed to “change sign at T.
.'ﬁ\ However, a change in sign would account for the immeasurably small resonance region at T».
:S Damjanovic, et al.(10) al5o found that below T, the d3 coefficient formed a peak (when plotting
3
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" the negtaive d3; as in Figure 2(b), this would be a2 minimum with a value approaching zero) at
Jt.‘ about 125°K. This behavior probabiy accounts for the small resonance region at T|.
-,.' The change in sign of the dg; coefficient at T; to positive values at high temperature was
()
: j‘s explained by Damjanovic, et al.(10) a5 being due to the positive extrinsic contributions which
-..: dominate the negadve intrinsic conaibution. This appears to be possible, since the intrinsic d3p is
Ly very small. In Reference 7, the small values of the d3¢ coefficient and thus large piezoelectric
'.':- anisotropy (d33/d31) of PbTiO3 ceramics were shown to be due to the intrinsic averaging of the
Ny
i;:j single crystal electrostrictive constants. The possibility of a change in sign of the intrinsic d3y due
( to a slight variation in the single crystal electrostrictive anisotropies (Q11/Q15 and Q19) was
NS 11712 12
‘ ‘,"’r.-”‘ also demonstrated. |
£ |
::f: The planar coupling coefficient, kp, is plotted as a function of temperature in Figure 4(a). In }
¥ ‘! 1‘
°

two temperature regions, as discussed for d3q, k.p becomes extremely small. The thickness

<

)

coupling coefficient, k,, is weakly dependent on temperature and has a value of about 46%. Figure

.
b
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4(b) shows the ratio kt/kp plotted versus temperature. This ratio becomes very large in two

temperature regions, 120 to 170°K and 240 to 270°K. These large electromechanical anisotropies

. Z: indicate that this material would be useful in ultrasonic transducer applications.
' E; CONCLUSIONS
S The relatve dielectric permittivity, ET33, of the modified PbTiO5 ceramics fabricated in this
a“ study appears to be largely due to the averaging of the intrinsic single-domain response. "he
": calculated values of the upper and lower limits of the ceramic permittivity agree farily well at low
;" temperatures with the measured values, and only a small difference develops as the temperature
, increases. The piezoelectric dy3 and thickness coupling k, coefficients are weakly dependent on
:’-\ temperature and have values of about 30x10"12 C/N and 46%, respectively. The planar coupling
2 kp and piezoelectric d3; coefficients exhibit very interesting temperature behaviors. In two
temperature regions, from 120 to 170°K and from 240 to 270°K (or T and T, in Figure 2(b)),
\ 'd3qland k.p become too small to measure using the resonance method.
. Damjanovic, et al.(9:10) used a vector impedance method and found that the d3 coefficient
i changes sign at T, to positive values at high temperatures. The low values of the Id3;lat T| were
found to be due to a minimum in the Id3 ;| which occurs in this temperature region.
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The values of the measured d33 and d3; coefficients were within the predicted upper and lower

bounds which were calculated by averaging the intrinsic single-domain-properties. The generally

large piezoelectric and electromechanical anisotropies present in modified PbTiO3 ceramics appear
~ to be an intrinsic property of the material.
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e FIGURE CAPTIONS
)
::c', v Figure 1. The a) relative dielectric permittivities €T33 and b) dissipation factor tan § at | kHz
(",. plotted versﬁs temperature. The data points are experimental measurements. The solid
h
)
IE:E: curves in a) are calculation of the upper and lower limits of the intrinsic ceramic
K
[ permittivity.
Ly
~) Figure 2. The piezoelectric strain coefficients a) d33 and b) d3; plotted versus temperature. The
-"'_" data points are experimental measwisments and the solid curves are calculations of the
SN
ﬁ‘,:' upper and lower limits of the intrinsic piezoelectric response. The insert in b) illustrates
I ?l,‘
v the measured temperature dependence (solid curve) compared with the results of
v,
‘ -:\.'::; Damjanovic, et al.(%10) (dashed curve).
\ _:E'. Figure 3. The admittance plotted versus frequency at 300°K (curve 1) and at a temperature within
= the temperature regions where the resonance was too weak to measure (curve 2).
l‘E Figure 4. The a) planar coupling coefficient kp and b) ratio kv’kp plotted versus temperature.
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