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Abstract

Microstructures in (Py,_y Me;),TigO3 ceramics, (Me=Ca, Ba and Sr,
x=0 to 0.4531, A/B=0.99) have been investigated. These alkaline earth
element modified PbTiO3 ceramics have typically large crystal anisotropy.
Among these ceramics, the Ca and Ba modified ones exhibit unique

microstructures compared to those of Sr modified PbTiO3, viz., large crystal

tetragonality, small grain size, multiple domain regions.
Introduction

Lead titanate, PBTiO3 is well known as the end composition of the

. PBTiO3—PbZrO3 (PZT) system, which is widely used for electronic

compoﬁents. To date, almost all investigations of PZT have been conducted .
near the morphotropic phase boundary (MPB), pb(Z"O.SSTiO_ 47)03 because
of the high piezdelectricity observed at this composition.

‘Shortly after the discovery of ferroelectricity in PZT ceramics, many

efforts to obtain dense PbTiO3 ceramics have been attempted. However, it
was very difficult to fabricate high density PbTiO3 ceramics, because pure

PbTiO3 ceramics breaks up into a powder when cooled through the Curie

point (phase transition temperature). I Two methods to prepare dense

PbTiO3 ceramics can be classified as follows: one, by adding suitable
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additives © and the other is by combining with other compounds to form

solid solutions.3+43.6 By using these methods, unique properties of PbTi03
were gradually revealed. The Curie point is 490° C, which is considerably

higher than that of PZT. On the other hand, the relative permittivity at
room temperature (RT) is about 1/3 to 1/10 smaller than that of PZT
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ceramics. In addition, a markedly large anisotropy in piezoelectric coupling

factor has drawn attention to its use as a piezoelectric transducer material

37  Due to these promising piezoelectric properties, modified PbTiO3

ceramics have been investigated by several authors. First, Ueda et. al.

attempted to modify PbTiO3 by adding MnO, and La203 and found a large

‘anisotropy in coupling factor, with K;=0.43 and Kp=0.096. 3 Takeuchi et. al,

reported that PbTiO3 ceramics modified with additives of Nd203, MnO,

and In203 have zero temperature coefficients of surface acoustic wave

delay time over a wide temperature range.8 On the other hand, the phase
transition in alkaline earth metal, Ba, Sr, Ca modified'PbTi03 have been
studied in 1951 by Shirane_et. al. 3, however they could not obtain
piezoelectric properties because of the difficulty in poling as a result of the

poor insulating resistance. Yamashita et. al. attempted to modify PbTi03

by following Shirane et. al. result and adding Co and W. The compositi‘c‘n'

(Pby_y, Meg)(Coq oW /2)0 04T0.9¢)03Me=CA, Sr and Ba and the largest
anisotropy of coupling factor was found n the:Ca modified PbTiO3 ceramics
poled under 50 Kv at 200°C, with K;=0.53 and K,-0.

In this siud’y, Ca, Sr. and Ba médified PbTiO3, (Pb | _y, Mey)TiO3 Me=Ca,

Sr and Ba were prepared by normal sintering processing. The lattice
constant, crystal tetragonality and domain structures were examined by

x-ray diffractmetry and transmission electron microscopy.
Experimental Procedure

CAll samples were weighed according to the formula, (Pbl_xMex) ATiBO3 + 1

mol%MnO (Me=Ca, Sr and Ba, X=0 to 0.4531, A/B=0.99). Starting raw
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materials were cheniically pure Pb0(99,5%), Ti02(99.7%), CaCO3(99.8%)

SrC03(‘99.6%), BaC03(979.7%) and Mn0(99.3%). Mixed powders (x=0.125 to

0.4375 and x=0 and 0.0625) were calcined in an alumina crucible at 850°C
and 800°C, respectively for 2 hours in air. After remilling using a
polyethlene container and alumina balis for 5 hours and drying, calcined
powders were pressed into cylinders(l mm thick by 25 mm in diameter)

under a uniaxial pressure of 1 ton/cm?. The sintering temperatures varied

according to coinposition as follows: for the Ca modified PbT_iO3, 1100°C to

1150°C for 2 hours. In the case of Sr and Ba modified PbTi_OS, these Were |

1200° C to 1250° C for 2 hours. With increasing values of x, the sintering

| temperature generally decreased.

Lattice constants were measured with an x-ray diffractometer using
finely ground powders after sintering and scattering angles above 26=90
deg. Measured peaks were confirmed in the single phase field using the .

Hull-Davey chart and the extropolated values to cos?

8-=0 were used to
obtain the'vlattice constant. Bulk density was measured by the‘ water
imniersion method. Electron transparent samples were prepared by
ion-milling and were examined at 100 kV in the Philips Em 301 and Em
400 microscopes using bright field and dark field imaging, diffraction‘and'

x-ray energy dispersive methods for elemental analysis.
es a isc

The x-ray analysis indicated that except for >thve 45.31 mol%Ca modified

PbTi03 all specimens were of the tetragonal perovskite structure. Figure |

shows the variation of lattice parameters (a.c—lattice constant) in Ca, Sr and

Ba modified PbTiO3 as a function of modified content; x‘. With inéreasing
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values of x, the c-axis of Ba, Sr modified PbTiO3 decreased monotonically

because PbTiO3, SrTiO3 and BaTiO3 are all tetragonal at RT and easily

combine into a solid solution. On the other hand, the c-axis of Ca modified

PbTiO3 sharply decreased when x>0.375, and with more than 45.31 mol%

CaTiO3, these ceramics exhibited a cubic crystal structure, in agreement
with previous reports. 6 The a axis values depended on the type of
modifying _ions. With increasing x, the a parameter of Ba, Sr, and Ca
modified PbTiO3 increased, was constant, and decreased, respectively.
These variations are simply explained ih terms of the ionic radii of the

added elements, e.g, Ba(1.43A), Sr(1.21A), and Ca(1.03A) which replace Pb

ions (1.24A)1 Figure 2 shows the variation in crystal tetragonality (i.e. c/a

ratios) in Ca, Sr, and Ba modified PbTiO3, as function of x. The c/a ratio of
Sr and Ba modified PbTi03 decreased monotonically as did the variation of
the c-axis. On the other hand, the c¢/a ratio of Ca modifie: PbTiO3 shows

the same change as that of Ba modified PbTiO3 in a range of x<0.375, .\vhen

the crystal anisotropy was large. However when x>0.375, the c¢/a ration
sharply decreased, because of the phase transformation from tetragonal to
cubic. In the cubic phase titanium ions occupy the body centered 1/2 172

1/2 position but may be displaced due to the presence of other ions.

- Figure 3 shows the volume changes of Ba, Ca and Sr modified PbTiO3 as a

function of x. In general, the remanent polarization of perovskite structure
‘(ABO)3 is proportional to the displacement of the B ion. As described in
Figure !, the a-axis was constant and the volume decreased in the case of

Sr ion (same ionic radius as that of Pb ion), therefore it may be assumed

that the Ti ion suffers minimum body centered cubic displacement and the
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remanent polarization was decreased. On the other hand, in the case of Ca

modified PbT103 it may be predicted that the displacement of Ti from the

1/2 1/2 1/2 site would be larger, because of the decrease in both
a-parameter and volume. Figure 4 shows plots of the theoretical and
experimental denéity as a function of modifier content, x. The theoretical
density was calculated from the lattice parameters obtained from the x-ray

analysis, and all data are summarized in Table 1. As is shown, the porosity

of Sr and Ca modified PbTi03 is less than 5% and 1.4% respectively, thus

high density sintered bodies were prepared in this research.
Microstructures

Figure 5 shows typical domain structures of Ca and Sr modified PbTi03.

These structures are Qbserved in many non-cubic systems , e.g., ordered
alloys, martensitically transformed materials and are present to minimize
strains and shape deformation 9. As can be depicted in Fig. SA, many
small domains can be observed in one grain. The angular relationship
among these domains is 9_0o and the direction of the domain boundary is |
<100>, therefore these domains. were concluded to be 90° domains. Such
90° "a-c".domains can be clearly seen in Sr modified PbTiO3 as shown in
Fig. Sb. | The "a" domain bordered on "¢’ with the angle of 45°, therefore
“delta fringes can be observed across domain boundaries!0.  The grain
sizes and domain widths are summarized in Table II. The results show

that both grain size and domain size are almost constant in spite of

changing the values of x. The ratio of grain size and domain .Width are the

same for Ba and Ca modified PbTiO3, but that of Sr modified PbTiO3 is

considerably (about 1/20) smaller than that of Ca and Ba. modified PbTiO3.

In general, these domains form immediately in the ferroelectric region
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corresponding to the cubic—tetragonal transformation at the Curie point.
The domain éonfiguralidﬂ adopted is that corrresponding to minimum

lattice distortion (c/a ratio). Consequently, it was concluded that the strain

energy due to lattice distortijo_n of the Sr modified PbTiO3 is smaller than

that of Ba and Ca modified PbTiO3.

Figure 6 shows strain contrast corresponding to abutting domains along
~ the grain boundary. This result shows that more lattice distortion exists

than that released by construction of the intragranular domain

" configurations in 12.5 mol% Ca modified PbTiO3. Figure 7 indicates where

‘nucleation of domains in Ca and Ba modified PBTiO3 can occur. These 90°

"a-c" wedged-shaped domains seem to nucleate from the grain boundary
(Fig. 7a) and domain boundary (Fig. 7b). In other words 90° "a-c" domains
were frequently nucleated at strained regions, domain and grain

boundaries and at cracks in the samples. Transparent, strain free grains

as shown in Fig. 8 can be sometimes observed in Ca modified PbTiO3.

X-ray (EDX) analysis indicates these grains to contain a large amount of Ti

and very small amounts of Mn, and Pb. This localized TiO, particle is

present due to'_Jthe excess TiOz added to provide liquid phase sintering.

Electron diffraction analyses later revealed the ordered cubic structure in

45.31 mol% Ca modified PbTiO3v.~ Diffraction patterns taken in [110] and

[100] zone axes are shown in Fig. 9 a and b respectively. The lattice
parameter calculated from the intense spots coincided with that obtained
from x-ray analysis. | This diffraction pattern was cubic fc_c and the extra
weak spots occur between those which describe the basic unit cell. As a
result, all diffraction spots were indexed as shown in Fig. 9a. The

calculated lattice parameters were twice that of the standard lattice
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parameters in PbTiO3. - On the othe‘rv hand, the ordering is weak as |

evidenced f rbm the low superlattice intensities. .

Figure 10 shows the bright field (BF) and dark field (DF) images of
ordered structure in Fig.t 9. The DF image was taken using the [111]
superlattice reflection. The contrast is reversed and there appear to be

antiphase boundaries (dark, wavy regions). Figure 11 shows the

diffraction patterns of 4375 mol% Ca modified PbTiO3 with small

tetragonality (lower x values) As can be seen, superlattice reflections as in
Fig. 9 could not be observed. The same result _has béen obtained in
transparent PLZT, (La modified PZT) after the tetragonal to cubic
transformation 1. |

Figure 12 are micrographs in which another phase has been detected.

 in the (Pby 74Ca)(Coy ;2W 1 ,2)0.04Tip 96)03 + | mol%MnO sample 7. From

the x-ray EDS spectrum (Fig. 13), the composition of plate like crystals (Fig.
2a) were calculated to be Pb0.79TiO3 +0.047Co0 + 0.019 MnO. Although Ca

was not detected in this crystal, Co and Mn ions were present in much -

higher concentrations  as compared to that of the matrix. From these
results, it was concluded that this phase was PbTiO3 containing Co and Mn.
As shown pre\}iously 7 Cé modified PbTiO3 has a large anisotropy in
piezoelectric property, as that in pure PbTiO3. Thué, it can assumed that

the presence of the new phase contributes to the large anisotropy in Ca
modified PbTiO3 in spite of its small volume fraction (about 0.02 vol %). On
the other hand, the cbmpositions of the phase in Fig. 12b was

Ca/Ti/Mn/Cb/Zr/Pb-67.6/2.2/2.4/3.5/22.8/1.5 at.%. The Zr was due to

contamination during powder processing. It can be assumed that this
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phase is Ca3Zr05 (from electrical neutrality condition) with a small amount
of Ti, Mn, Co, and Pb. Its volume fraction was about 0.12 vol%. Further
investigations of these inclusions are required because unique

identification of Ca3ZrO3 is not yet confirmed.

mma ,
The results obtained. in this study of modified PbTiO3 - are

summarized as follows:

1. The c/a ratio changed linearly as a function of thev amount of modifier

content, X, and its _change with Ca and Ba added PbTiO3 was almost the

same when the value of x was below 35 mol%. |

2. From the c/a ratio and volume change, it could be expected that the

remanent polarization in Ca and Ba modified PbTiO3 will not be much

decreased in spite cf the large amount of modifying iéns présent.

3. Lattice strains develop at grain boundaries due to impingement of

domains in Ca modified PbTiO5.

4 4 Super.lattice structures having twice the lattice constants compared to
standard PbT103 were observed in cubic Ca modified PbTiO3.

5.In the (Pbo.76¢30.24)(C°1/2W1/2)0.04Ti0.96)°3 +'1 mol%*MnO ceramics

two unique inclusions were found and these compositions were determined

by x-ray microanalysis.
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Figure Captions |
Fig. 1. Lattice parameters (c, a-axis) of Ca, Sr, and Ba modifieq PbTiO3 asa
function of modifier content.

Fig. 2. Crystal tetragonality (c/a) of Ca, Sr, and Ba modified PbTiO3 as a

function of modifier amount.

Fig. 3. Volume changes vs. modifier amount using the volume of pure

PbTi03 as reference point.

Fig. 4. Theoretical and experimental density of Ca, Sr,rBa modified PbTiO3
as a function of modifier amount. | }

Fig. 5. Domain structures of Ca and Sr modified PbTiO3.PC 0_125=12.5 mol%
Ca modified PbTiO3.

Fig. 6. Strain contrast contours indicating internal stress of grain boundary
in Ca modified PbTiO3 . |

Fig. 7. Electron micrograph indicating nucleation of domains in Ca, Ba
modified PbTiO3 .

Fig. 8. Inclusion of TiO, detected in CA modified PbTiOz, left, electron

micfograph, right, EDX spectrunﬁ from inclusion.

Fig. 9. Electron diffraction patterns showing ordered structure of cubic_
-~ modified PbTiO3.

Fig. 10. BF and DF electroﬁ microscope images in the ordered structure.

Fig. 11. Diffraction pattern taken by ZA-[110 and [100] in the Ca modified

PbTi03 with a small tetragonality. |

Fig. 12. Other phases in (Pbg7¢Cag o4) (COI/ZWI/Z)T50.96)O3 + 1

mol%MnO.

Fig. 13. EDX spectrums of other phases and matrix.



( PBl-X’M )T103 : M=

Ca,Sr,Ba X=0~0,453
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PM lattice const, lattice const. crystal tet. volume change theoretical experimenfal porosity
x a axis ( A ) c axis A ) ( c/a ) v - Vo/vo)x 100 density ( g/cm™ ) density ( g/cm™) = ( %)

PCO 3.9045+0.0022 4.1521+0,0038 1.063 7.896

PC0.0625 3,8907+0,0013 4.1148+0,0924 1,058 -1.6862 70744

PSO.0625 3.9113+0,0054 4,1052+0,0241 1.050 -0,7835 7.762 7.50 3.38
pBO.0625 3.,9131+0.0016 4.,1382+0,0138 1.058 +0.1042 7.772 7.31 5.94
PC0.1250 3.8934+0.0042 4,0800+0,0103 1.048 -2,2942 7.526 7.48 0.61
PSO°1250.3,9151+0.0034 4.0788+0,0574 1.042 -1,2114 7.600 7.38 2.89
PBO,1250 3.9177+0.0040 4,1281+0.0064 1.054 +0.0981 7.661 7.49 2,23
PC0.1825 3.891540.0022 4.0743+0.0194 1.047 ~-2.5313 7.227 7.19 0.51
pSO,1825 3.9160+0,0007 4,0560+0,0453 1.036 -1,7367 7.477 7.19 3.84
PBO.1825 3.9280+0,0080 4.1065+0.0507 1.045 -0.1756 7.573 7.26 4.13
PCO,ZSOO 3.8934+0.0076 4.0440+0,0085 1.039 -3,1507 7.032 6.94 1.30
PSO.ZSOO 3.9050+0.0027 4,0150+0,0036 1.028 ~-3.4047 7.439 7.09 4.69
PBO.2500,3,9421+0.0068 4,.0864+0.0045 1.037 40,3231 7.418 7.35 0.92
PCO'3125 3.8914+0.0057 4.0234+0.0211 1.034 -3,5171 6.847 6.76 1.24
PSO.3125 3.9085+C.0040 3.9968+0,0185 1.023 -3,5437 7.180 6.86 4.46
P80“3125 3.9443+0.0040 4,0778+0.0211 1.034 +0.2243 7.312 7.12 2.63
PC0°3750 3.8913+0.0026 3.9860+C. 0080 1.024 -4,6526 6.574 6.55 0.37
PSO.3750 3.8978+0,0080 3,9608+0,0468 1.016 -4.,9338 7.081 6.79 4.11
PBO'3750.3.9466+0°0046 4,0599+0,0263 1,029 -0.0982 7.222 7.08 1.97
PC004375 3.8968+0.0042 3.9140+0,0053 1.004 -6.1088 6.387 6.32 1.05
PSO,4375 3.8991+0.0040 3.9399+0.0035 1.010 -5.3743 6.909 6.63 4.04
PBO'4375 3.9543+0.,0064 4.0518+0_.0051 1.025 +0.0872 7.027 6.69 4.8Q
Pro.qu 3.89B0+0 UUG3 3.8980+0.0063 1.000 -6.,4317 6.337 6,25 1.37

volume phange : Vo= PbTiO3 volume PCO ) , crystal tet.= crystal tetragonality

XBL 857-3150

Table T
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SAMPLE
X X
gglg% 0.7 0,083
PS. 0625 64,9 0.13
P15 L.43 0,09
PRy 15 0.9 0.06
PSo. 15 %.7 0.36
PCo. 185 141 0.09
PBy1s5 00 0.0
PS0. 155 62.5 0.20
g LW 0.09
PRy o5 L 00
PSy.25 29 0V
PCOJ].E - 1.% 0.08
Bz L2 0.06
PSy 3125 8.4 0.19
PCy. 375 103 0.0
PBy. 375 1.30 0.06
%‘375 iog 0B
I B
PS0.4375 Lo 0'174 |
1531 1.3

X : BROKEN, NOT SINTERED
%t NO DOMAIN, CUBIC

‘Table II
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(@) 90° domain
Ca moditfied PbTiO3, PCqy25

(b) 90° and 180° domain
Sr modiffied PbTiO3, PSq25

e

Fig. 5

XBB 859-7290
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Stress distribution
Ca modiffied PbTiO3, PCpiz5

XBB 859-7289
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