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ABSTRACT 

Transmission and high-resolution electron microscopy reveal the microtexture of 
lead zirconium titanatc ceramics. Fine scale (<. 500A) ferroelastic and ferroelectric 
twin domains, as well as dislocations result in a complex texture. Correlations 
between stoichiometry, microstructure and piezoelectric properties are discussed. 

INTRODUCTION 

Lead zirconium titanatc ceramics (PZT) include compositions with extremely strong 
piezoelectric effects. The coupling factor and dielectric constant are highest near 
the tctragonal-rhombohcdral phase boundary [1]. These properties are relatively 
stable because there arc no polymorphic phase changes as a function of 
temperature and the Curie points are typically 360°C, compared with 120°C for 
BaTi03. 

The aim of the present work was to observe submicron texture for PZT 
ceramics of commercial interest. Bright- and dark-field transmission electron 
microscopy are used to characterize the shape and size distribution of ferroclastic 
and ferroelectric twin domains in tetragonal and rhombohedral phases of PZT. 
This allows much finer detail to be revealed than was the case for surface replica 
techniques [2]. Attempts are also being made to apply atomic resolution electron 
microscopy to investigate domain wall widths and surface roughness, as well as 
interactions between the twin variants and between the twins and dislocations due 
to plastic deformation. Preliminary results arc reported here for a pure PZT 
specimen Pb(Zrrj.53/1^0.47)03. 

It was discovered that PZT containing NiNb03 or SrO tends to decompose 
chemically during observation under electron irradiation al high magnifications. 
Some of these results are included since they concern the more general problem of 
radiation hardness of PZT ceramics. 

EXPERIMENTAL METHODS 

Samples of Pb(Zrj.53 , T i o . 4 7 ) 0 3. (Pbo.94.Srn.06) (Zro.53.Tio.47) O3 and 
Pb(Zro.53,Tio.47)03 + 6 mol% NiNb03 w e r e prepared using Z-TECH EF super grade 
zirconia powder, together with PbO, TiO, NiO, SrO and Nb20s powders in appropriate 
proportions. The powders were wct-ball-millcd for 12h, dried, pressed into pellets, 
calcined at 87()°C fcr 2h, milled for a further 12h, dried and hot-pressed at 660°C for 
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2h, then sintered at 1220°C for 2h. Silver contacts were applied to polished ceramic 
discs by firing for 10 min at 700°C. Finally the discs were poled at 120°C for 10 min 
in oil under a DC field of 2.5 kV/mm. 

X-ray powder diffractometry showed that the predominant phases were 
tetragonal (PZT), tetragonal (PZT + SrO) and rhombohcdral (PZT + 6 mol% NiNbC>3). 

Thin specimens suitable for transmission electron microscopy were prepared 
by mechanical grinding and dimpling, followed by ion-beam thinning using 
argon. Additional high-resolution specimens were prepared by crushing the 
ceramic disc under chloroform in an agate mortar and pestle, and dispersing thin 
fragments on a holey carbon support film. Yhin edges were then carefully aligned 
with <001>, <011> or <111> directions (pseudocubic perovskite-type indices) parallel 
to the incident electron beam. A JEOL-4000EX instrument was used, operated of 400 
keV, and capable of point resolutions of 1.6A. 

RESULTS 

( a ) Pb(Zrj) .53,Tio.47)03. Low magnification shows grain size of about 7 \im . 
Complex intersecting fringe contrasts, indicative of multiple polysynthetic twin 
lamellae give rise to textural detail within each grain on the scale of z. 50 nm (Fig. 
la). The enlargement (Fig. lb) shows lath-like domains, typical of 90° twin 
lamellae, as well as many fringe contrasts due to extended defects inclined to the 
projection axis. The latter contrast is typical of 180°-domains [2]. A dark-field 
image (Fig. lc) shows a complex dislocation interaction with twin lamellae. The 
somewhat overwhelming complexity of the domain contrasts, and the fine scale, 
have prevented a systematic identification of the many combinations of 
fcrroclastic and ferroelectric twin domains possible in this material. Further 
dark-field analysis, using different low-order reflections, is being attempted using 
annealed specimens, when the domain texture is expected to be less complex and, at 
least, occurring on a coarser scale. 

* 20 nm 
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High-resolution images of this specimen showed areas of perfect perovskite-
type structure with changes in image detail and symmetry occurring on the scale 
of several 100A (Fig. 2a). Such changes are consistent with the existence of 
coherent ferroelastic and/or ferroelectric domains (see Discussion below). 

( b ) Pb (Zo .53 ,T io .47 )03 + 6 mo'% NiNb(>3. This rhombohedral specimen 
proved remarkably sensitive to electron irradiation, changing dramatically during 
observation for several minutes at 400 keV (Figs. 3a-c). The small (150A diameter), 
multiply-twinned particle? were relatively very stable. They were identified as 
exsolved zirconia, by comparison of the diffraction patterns after irradiation (Fig. 
3d) with data for polycrystalline zirconia powders. The diffraction pattern for the 
as-prepared PZT + NiNbC>3 ' s shown for comparison in Fig. 3e. The small particle; 
were surprisingly active, fluctuating in orientation ^nd changing their twinned 
structure and shape during observation. The remaining material became glassy 
(amorphous) after 10-20 minutes observation. 

It has not yet been possible to complete bright- and dark-field studies of the 
domain structure of this rhombohedral phase. However, some high-resoluticn 
images were obtained (Fig. 2b) before significant decomposition occurred in the 
beam. Thus a fine-scale coherent microdomain texture was revealed by local 
changes in periodicity and symmetry of the lattice images, with fluctuations on the 
scale of 50-lOOA. This texture was remarkably similar to results obtained 
previously for silver-ion-exchanged lithium tantalate [3]. The corresponding 
proton- and Fe-doped lithium niobates showed similar microdomain textures and 
elect/on beam sensitivity [4,5]. The papers [3-5] should also be consulted for a 
discussion of the coherency and structural relationships between various 
pscudocubic and rhombohcdral pcrovskitc phases. 

( c ) ( P b n . 9 4 , S r n . 0 6 ) (Zrn.53 ,T io .47) O 3 . This specimen gave results 
intermediate between the previous two cases. Thus there was significant chemical 
reactivity under electron irradiation. The final decomposition product has not yet 
been identified. The high-resolution images were similar to those shown in Fig. 2. 

Fig. 2 High-Resolution Electron Micrographs c.f PZT 



4 

Fig. 3 Electron-Irradiation Effects on PZT + 6 mol% NiNbO} 

DISCUSSION 

Given the observed microstructures for pure PZT it is apparent why predominantly 
tetragonal phase preparations should show significant hysteresis effects in poling 
and dcpoling fields. It is clear why the combination of activation of a large 
number of fcrroclastic and ferroelectric twinning variants, together with some 
plastic deformation during processing and poling below and Curie temperature, 
may be a unique properly of the pcrovskitc based crystal structure. Thus 
movement of ferroclasiic domains will allow a mechanical response (shape 
change) which inlcracts intimately with the ferroelectric twin domain 
distribution, essentially via octahedral tilling within the pcrovskile structure |3-6|. 
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The coherent Fine-scale microdomain texture observed for the 6 mol% NiNbC>3 
specimen should arise due to a combination of multiple twinning of the 
rhombohedral phase and structural fluctuations (local changes of space group) 
due to inhomogencity of NiNb03 distribution. Given the relatively small 
pscudocubic distortion in this case, i.e. a slight stretching along one of the eight 
equivalent <111> pcrovskite cell direction (a = 89°40'), we expect that predominantly 
rhombohedral phase PZT ceraiiics may show distinct hysteresis characteristics, 
compared to tetragonal varieties. This point remains to be quantified. 

The present results refer to standard ceramic processing routes, known to 
give favourable piezoelectric products. However, it seems to ..s that the existing 
processing routes are almost certainly not fully optimized. The present results 
demonstrate that knowledge of the interaction between stoichiometry, processing, 
microstructure and piezoelectric characteristics is ratiier primitive. Further 
microtextural studies are required to allow some of the experimental parameters to 
be monitored and controlled (e.g. domain size and distribution). The effects of 
controlled amounts of plastic deformation, for restr ict ing twin boundary 
movement, should b~ productive in producing "hard" piezoelectrics. The role of 
microstructural changes in understanding the ageing characteristics in various 
environments also remains to be quantified. 

CONCLUSIONS 

It is establisncd that a rich variety of microstructural information is accessible in 
PZT, using TEM and HREM imaging techniques. Further analytical studies arc 
continuing. Low irradiation dose techniques will be required to study the 
microlcxlure of PZT + additives. 
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