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Abstract

Lead zirconate titanate (PZT) ceramics exhibit
excellent dielectric and piezoelectric properties
at the marphotropic phase boundary (MPB) composi-
tion and it is believed that this is due to the
coexistence of tetragonal (T) and rhombohedral (R)
phases resulting in easy poling. However only
limited microstructural information is available at
this boundary composition.

In the present study the structure and chemical
composition of PZT ceramics prepared by conventio-
nal ceramic processing has been analyzed by elec-
tron microscopy. Lattice parameters obtained from
X-ray diffraction indicate that the T and R phases
are only very slightly distorted from cubic symmet-
ry at the MPB composition. Convergent beam
diffraction (CBD) has been used to analyze the
structure at the MPB composition using the fact
that the symmetry of the CBD pattern is sensitive
to the point group of the space lattice. It has
been established that both T and R phases are
present at the MPB composition. Microanalysis using
energy dispersive X—-ray spectroscopy has been car-
ried out in conjunction with the structure analysis
to establish the chemical composition of the diffe—
rent phases present.

1. Introduction

Lead zirconate titanate [Pb[Zr,Ti]Oa,PZT] ceramics
are the most extensively used in technological
applications among the piezoelectric materials
because of their excellent piezoelectric properties
at the morphotropic phase boundary (MPB). The sub-
solidus phaﬁﬁ diegram of PbTi05 - PbZr05 is shown
in Figure 1'''. The MPB composition have been found



g? vary between 45 and 55 mole percent of PbZrOa[a_

. It has been suggested that the excellent
piezoelectric properties at the MPBare cue to the
coexistence of the tetragonal (T) and rhombohe?gﬁl
(R) phases which results in easy poling .
Different studies carried out at the MPE region
indic d_t co- existence of the T and R
phases?ﬁﬂa R Aky) ]

Most of the studies on PZT ceramics have been
carried out by X-ray diffraction and property
measurement techniques to characterize the phases
at the MPB., Electron microscopy anaslysis of this
material has been limit??zgqsghe study of domains
and shear plane defects and there hes been
no investigation of the microstructure and
morphology. The present study is aimed at characte-
rizing the marphotropic phase boundary of PZT using
elect ron microscopy techniques.

2. Materials and Experimental Procedure

High purity oxide powders of Pb0 (89.0%), Zr0,
(89.7%], Ti0, (89.7%). and NboOg (88.78%) were used
in the preparation of the PZT ceramics bg calcining
followed by sintering at 1180° and 1270° C for two
hours. Specimens of PberTi 1- 0, with x = 40, 4§,
50, 53, 55, 60 and 65% were analzsed in this study.
All the samples had an additive of 0.5 mole percent
of Nb205 tc improve the electrical properties.

The lattice parameter measurements were carried out
using Cu K« radiastion in a Siemens X-ray diffracto-
meter. The microstructures of the polished and
etched samples were examined in a scanning electron
microscope. Thin foils for transmission electron
microscopy were prepared by grinding the specimer
down to sbout S0Li m, followed by Ar+ ion thinning.

The specimens were examined at 100 kV in a Philips
400 analytical electron microscope equipped with
energy dispersive X—ray spectrometer and twin lens.
Convergent beam diffraction pastterns were cbtained
using a probe size of 40 nm. All the studies were
carried gut with a cold stage specimen holder at
liquid nitrogen boiling temperature to reduce
thermal scattering.

3. Results and Discussions

3.1 Scanning Electron Microscopy: The scanning
electron micrographs of PZT obtained from tetrago-
nal (T), MPB and rhombohedral (R} phase regions are
shown in Figure 2 a,b and c respectively. The large



change in grain size from 3/4m in the T region and
at the MPB composition to 12 'am in the R region is
due to the different sintering temperatures.
Domains are resolved only in the Large grains of
the rhombohedral phase (Fig.2c).

3.2 X-ray Diffraction Studies: The variation of
lattice parameters with composition obtained from
the X-ray diffraection studies is plotted in Figure
3. For greater accuracy,only diffraction peaks of
higher Bragg angles were used in determining the
lattice parameters. These values are in close
agreement wi e results published in the
l?terature 1.2 EE'1 q.

3.3 Transmission Electron Microscopy Studies: The
ferroelectric phases with the tetragonal and
rhombohedral crystal stucture near the MPB undergo
very smail distortions during the -transition from
the paraselectric cubic crystal structure to the
ferroelectric state as can be seen from Figurs 3.

In conventional selected area diffraction a paral-
lel beam of electrons is used to obtain the spot
pattern where determination of the reciprocal lat-
tice is limited to a precision of about one
percent, However, in convergent beam diffraction
(CBD) the informations obtained from the intensity
variations in diffracted besms due to the range of
incident- angles with crystal and three dimensional
details due to the intersection of the Ewald sphere
with more than one lattice plane (Figure 4) provide
a wealth of informations. The CBD pattern at a zone
axis {zone axis pattern, ZAP), thus obtained using
a converged probe contains details at the centre
surrounded by concentric rings which are called
Zero Jdrder Laue Zone (ZOLZ) details and Higher
Order Laue Zone (HOLZ) rings respectively. The
symmetry of a ZAP, denoted by diffraction group
reflects the point group symmetry of the specimen
and relation between the[fgrmetry groups have been
derived by Buxton et al. .

In the case of PZT, the point groups of the ferroe-
lectric tetragonal and rhombohedral crystal ?ymmet—
ries are 4mm and 3m respectively[1 . The
anticipated symmetry of the <100> ZAP pastterns far
T and R phases are given in Table 1. It can be seen
that the CBD pattern obtained from T and R phases
at a common zone axis would have mirror planes
which are related by a 45 degree rotation and
otherwise the CBD pattern would have 4mm symmetry
when viewed along the c axis of the tetragonal
phase. CBD patterns at other zone axes such . as
<110> and <111> have symmetry elements common to




both the phases so that they cannot be used to
identify the crystal symmetry unambiguously.

The Zero Order Laue Zone (20LZ) details of the
<100> ZAP obtained from the R phase (PbZrggTigg0g)
are shown in Figure §. It can be seen that the
different diffraction intensities show & higher
symmetry than anticipated. Similar details have
been obtained from the T Phase (PbZr,gTigg05) s0
that the crystal symmetry cannot be distinguished
from this alone. The symmetry of the ZAP patterns
is obtained by examining the other details such as
intensity variation of the HOLZ rings and the
intersection of the Kikuchi Lines with the HOLZ
ring.

Portions of the common zone axis CBD patterns ob-
tained from the T (45 mole percent of PbZrO4) and
the R (65 mole percent of PbZrO5) pheses are shown
in Figure 6. In the case of the CBD pattern from
the T phase (Figure 6a) the intensity varistion of
the HOLZ ring reveals a higher symmetry than a
single mirror plane but when the HOLZ ring is
examinec in conjunction with the intersection of
the Kikuchi Llines the mirror symmetry of the pat-
tern can be appreciated. The intersection of
Kikuchi Lines within the (010) Kikuchi band with
the HOLZ ring [shown by an arrow]} is symmetric only
with respect to the mirror along (001). This
restricts the additional apparent mirrors present
in the pattern.

A part of the CBD pattern obteined from the R phase
is shown in Figure 6b. At the outset the HOLZ ring
details appear to have higher symmetry than an
anticipated mirror along {110). The actual symmetry
of the pattern is arrived at by observing the
intersection of the Kikuchi line with the HOLZ ring
at the points shown by arrow no.1. The triangular
intersaections of the Kikuchi lines within the {100)
are different in size and they are symmetric about
the marked {110} mirror plane only. In addition
this pattern has an inner ring with wesk intensity
shown by an asrrow no.2. This is due to the
transformation of the room temperature R phase to a
low temperature phase as seen in the sub—solidus
phase diagram (Figure 1). During this transforma-—
tion the unit cell size doubles with very subtle
changes in the lattice, such as rotation of the
cxygen octahedra cl?$§T1se and anticlockwise along
the body diagonsl . These effects make the
intensity of the ring very weak.

The distortions that give rise to Loss of mirror
planes in <001> CBD petterns are very small for the

v



1™

\_|

T and R phases at a composition of 4% and €5 mole
percent PbZr0, and even smaller for the MPB at a
composition of 53 mole percent of PbZr0, ss shown
in the CBD patterns (Figure 7} obtained from the
MPB composition. It was thus not possible with this
technique to distinguish reliably between T end R
phases at this composition. However, the inner ring
due to low temperature ordering could be used to
identify the rhombohedral phase uniquely. It was
found thet CBD patterns from some regions showed
the presence of the extra ring while patterns from
other regions taken under identical experimental
conditions did not. This is seen in Figure 7b,
where the inner ring is weakly present, (shown by
an arrow] whereas it is absent from the pattern
shown in Figure 7a. This is clear evidence that
two different structures are present.

Bright field images obtained from T and R phases
from the MPB specimen are shown in Figure B 8 and
b, respectively. The domain structure is similar
in both cases and thus cannot be used to icentify
the phases by inspection.

3.4 Microanalysis: The Energy Dispersive X-ray
spectroscopy (EDXS) technique for compositional
analysis in the electron microscope is only
sensitive to diffeqaafes in composition of maore
than 2 mole percent The spectra obtained from
the T and R phases at the boundary are similar and

the small differences in the heights of the peaks

cannot be attributed to compasitional fluctuations
alone since the fluctuations from the background is
of the same order as that of the estimated
differences between the amounts of Ti and Zr. Thus
any difference in the amounts of Ti and Zr present
in the T and R phases at the MPB composition lies
within experimental errors.

4. Conclusions

An slectran microscopy study carried out on PZT
ceramics prepared by conventional ceremic proces—-
sing revealad the presence of both the T and R
phases at the morphotropic phase boundary. It will
be necessary to carry out detailed contrast studies
of the domains to try to identify the structure. No
differences in amounts of Ti and Zr present in the
T and R phases at the MPB could be detected by
energy dispersive X-ray analysis. It can be con-
cluded that the width of the two phase region at
the MPB composition is less than about 2%.

<
e



ACKNOWLEDGEMENTS

This waork was supported by the Director, Office of
Energy Research, Office of Basic Energy Sciences,
Materials Sciences Division of the U.S. Department
of Energy under Contract No. DE-AC0O3-76S5F00088.

Refarences

1. B.Jafee and W.R.Cook and H.Jaffe, Piezoelectric
Ceramics, Academic Press, London {1971) p135

2. E.Sawsguchi, J. Phys. Soc. Japan, Vol.8, No.5
(1953) pp615-628

3. B.Jaffe, R.S.Roth and S.Marzullo, J. Research of
the National Bureau of Standards, Vol.
55,No0.5 (1955) pp239-254

4, AV.Turik, M.F.Kupriyamov, E.N.Sidorenk and
S.M.Zaitsev, Sov. Phys. Tech. Phys. Vol.25
No.10 (1980) pp1251-1264.

5. P.6r Lucuta, Fl Constentinescu and D.Barb,
J.Amer. Cerm. Soc. Vol.68 No.10 (1985) pp533-37.

6. R.E.Newnham in Phase Diagram, Materials Science
end Technology, Ed. Allen M Alper, vol.5, Academic
Press, N.Y. {(1978) p46

7 V.A.Isupov, Sov. Phys. Solid Stete, Vol.10
No. 4 {1970) pp989-991.

8.P.Ari Gur end L.Benguigui, J. Phys. D. Appli.
Phys. Vol.8 (1875] pp1856-1862.

9.Lu Hanh, Kenji Uchino and Shochiro Namura, Jap.
J. of App. Phys. Vol.17, No.4 (1978) pp637-641.
10.W.Wersing, Ferroelectrics, Vol.7{(1974) pp163-
165.

11.S.A.Mabud, J. Appl. Cryst. Vol. 13, (1980)
pp211-216 ’
12.B.Hardiman, R.Zeyfang and C.Reeves, J.
Appl. Phys. Vol.44 No.12 (1973) pp5266-5267.
13.E.K.W.Goo, R.K.Mishra and G.Thomas, J. Appl.
Phys. Vol.52 No.4 (1981) pp2940-2943.
14.V.V.Prisedsky, V.P.Komerov, G6.F.Panko and
V.VKlimov, Ferroelectrics, Vol.23 (1980) pp23-54.
15.V.V.Prisedsky, G.F.Panko and V.VKlimov, Ferroe-
lectrics, Vol.64, (1985} pp257-273.

16.6.Shirane and K.Suzuki, J.Phys. Soc. Japan,
Vol.7 (1952) p333

17.Stoichi Fushimi and Takuro Ikeda, J. Amer. Cer.
Soc., Vol.50,3 (1967) pp129-132.

18.8B.F.Buxton, J.A.Eades, J.W.Steeds and G.M.Rac-
kham, Phil. Trans. Vol.281 (1976} pp171-184,
19.H.D.Megaw and C.N.Darlington, Acta. Cryst. A31
(1975) p161

20.D.B.Williams, Practical Analytical Electron Mic-
roscopy in Materials Science, Philips Electronics
Instruments Corporation, (1975) p117.



b

Figure Captions

Fig. Suq solidus phase diegram of PbTi0g-
Pbzrog (1. '

Fig.2 Scanning electron micrographs from (alT
region, (b) MPB composition and (c) R region.

Fig.3 Plot of the lattice parameters as a
function of the composition.

Fig.4 Schematic of the intersection of the
Ewald sphere with reciprocal lattice under
convergent beam diffracting condition.

Fig.5 Zero order Laue Zone (Z0LZ) details of
<001> ZAP pattern obtained from R phase.

Fig.6 Parts of <001> ZAPs obtained from (a) T
phase and (b} R phase showing an inner ring.

Fig.7 Parts of <001> ZAPs obtained from the
MPB composition {a] T Phase and {(b) R phase.
See the text for discussion.

Fig.8 Bright field images of the (e} T and
(b) R phases from the MPB composition.
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Table 1
Crystal Point Zone Whole Pattern
St ructure Group Axis - Symmetry
Tetragonal dam [100] A mirror symmetry
[010] along (001)
[001] an
Rhombohedral 3m <001> A mirror symmetry

along {110}
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Fig. 5
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XBB 866-4513

Fig. 6b
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Fig. 8a
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Fig. 8b
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