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ABSTRACT 

Transmission electron microscopy of Pb(Zr. 52Ti .48)03 sintered 

with 3 wt% excess PbO indicates there is an amorphous grain boundary 

phase 10nm thick. The grain boundary phase has a higher Pb, content 

than the bulk material. Influence of such ~ phase on the poling is 

discussed. 
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I. INTRODUCTION 

Lean Zirconate Titanate (PZT) is a commercially important piezo

electric material due to its high coupling factor. It has been shown 

that excess PbO allows PZT to be sintered·toa higher density.l The 

objective of this study is to characterize the microstructure of PZT 

sintered with eXcess PbO.Transmission electron microscopy in the dif

fraction and imaging modes has been used as the primary tool for charac

terization. In addition, x-ray microanalysis 2 using a TE~1 probe has 

been used for elemental analysis with 100nm spatial resolution. The· 

morphology, distribution and chemi,stry of phases have been correlated 

w.ith the processing procedure and the properties. ; 

II. EXPERIMENTAL· 

A. Processing 

The details of the ~rocessing are given in Reference 3. The PZT 

powder was prepared from PbO, Zr02, and Ti02 powders that were 99.9% 

pure. The powders ~ere add~d in proportions to form the composition 

Pb(Zr. 52Ti. 48 )03. The powder was milled with Zr02 balls, then calcined 

at 850°C for 4 hours. Three wt% excess PbO and 4wt% polyvinyl alcohol 

were added and milled. Discs 2.54cm in diameter and approximately 3.2mm 

thick were uniaxially cold pressed at 20.7 MPa. The discs were packed 

in an alumina boat with PbZr03 +"5wt% Zr02 powder and s2ntered at l200°C 

for 8 hours in one atmosphere,of oxygen. The final density was 8.00 g/cm3 

and the material had an average grain size of 3.5~m. 

B.Specimen Preparation 

A thin slab was mechanically polished with 600 grit SiC paper to 

a thickness of 50~m and then ion-milled. The samples were coated with 

carbon to prevent charging. The transmission electron microscopy was 
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done on a Philips EM301 at an accelerating voltage of lOOkV using a 

double tilt stage. X-ray microanalysis was done on 'a Philips H1400 

equipped with a Kevex energy dispersive X-ray detector. The X-rays were 

excited with a transmitted electron beam 50nm in diameter at an accelera-

ting voltage of 120kV, with an emission current of 24-40~A. 

II I. RESUL TS 

A. Grain Boundary Phase 

Using diffuse-scattering dark field imaging4-6 and defocus 

imaging,6 a second phase was found at the grain boundaries and multiple

grain junctions. An amorphous phase will generally have its strongest 

diffuse ring at approximately 3 x 109m- l and a dark field from the diffuse 

scatteri ng wi 11 show bri ght contrast \'1here the amorphous phase is present. 

Figure lb is a diffuse-scattering dark field image and the bright con

trast at X-V reveals the grain boundary phase. It might be possible 

for the bri ght contrast to result from a crysta 11 i ne grain boundary 

phase or double diffraction. However, any diffraction .contrast would 

be very sensitive to a few degrees tilt. The bright contrast in Fig.' , 

lb remains relatively constant upon a few degrees tilt except for the small 

crystallites at C. Tilting the grain boundary 10-15 degrees results in 

a large reduction of the bright contrast at the grain boundary as the 

projected thickness of the grain boundary phase is reduced. This also 

verifies that the contrast does not result from amorphous carbon at 

preferentially etched grain boundaries since. the bright contrast would 

be relatively independent of tilt. The bright contrast is a projection 

of the grain boundary phase and by tilting the specimen until the bright 

contrast has a mini~um width and maximum intensity, the width of the 

bright contrast approximates the width of the grain boundary phase. 

. 1 

~I 
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In the present study, examination of 20 grain boundaries revealed a 

continuous, amorphous grain boundary phase approximately 10nm thick in 

all cases. In the defocus imaging method,6 upon defocusing, fringes 

will appear at the interface between the two phases. These fringes 

are analogous to the fringes that appear in voids in the material, or 

Fresnel fringes at the ~dge of the specimen, upon defocus. The bright 

field imaging in Fig. 2a is underfocused l~m. In both cases fringes 

, are observed at thegrai n boundary, veri fyi ng the exi stence of a second 

phase. 

The X-ray microanalysis spectrum f~om the second phase at the 

multiple-grai~ junction (Fig. 3a), when compared with. a spectrum from 

within the grain (Fig. 3b), reveals that the second phase at the multi

ple-grain junctions is rich in Pb. Assuming that the X-ray spectrum 

originates ·largely from the second phase at multiple grain junctions and 

that the absorption of X-rays is similar in both phases, the composition 

of the second phase can be determined by using the X-ray spectrum from 

within the grain as a standard. 2 The composition of the second phase is 

calculated to be PbTi .06Zr.120l.36 .. The amount of oxygen is assumed to 

be that which maintains charge neutrality. Because of the thinness of 

the intergranular phase, it was not poss~ble to obtain an X-ray spectrum 

. solely from the intergranular phase, but·it is assumed to be similar in 
.'6' 

( \ composition to the amorphous phase at the multiple grain junction. 

,c) B. Zr02 Particles 

There are oval-shaped particles .1-.5~m in diameter that are 

sporadically distributed inside the PZT grains (e.g. Fig. 4a)~ By 

decomposing PZT ~ithan intense electron beam, a spot pattern solely 

from the parti~le may be obtained (lower right, Fig. 4b) which can be 
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indexed as tetragonal Zr02. X-ray microanalysis from the particle 

(Fig., 4c) in Fig. 4b verifies that it is zr02~ 

IV. DISCUSSION ..... 

A. Sintefingof Lead ZirconateTitanate. 

It is believed that the effect of an excess of PbO on the sinter-

ability of PZT is that it forms a liquid phase which allows rapid 

densification. It has been postulated that by adding only a few wt% 

excess PbO, PZT can be sintered to a high density without forming a 

grain boundary phase, since PZT has a wide range of PbO nonstoichiometry.7 

In the present case, the minimum amount of PhO was added which allowed 

high densities to be obtained. Since this resulted in microstructure 

with a grain boundary phase, it is not likely that the liquid phase 

is transient. 

The formation of the liquid phase which has a high solubility of 
8" . 

PZT is consistent with the PbO-Pb~r03-PbTi03 phase diagram. However, 

the composition of the second phase as determined by X-ray microanalysis 

is far from the eutectic composition. The quantitative analysis of the 

grain boundary phase may be in error due to the differences in thick-

ness and composition. 

The Zr02 particles could arise from a precipitation reaction or 

the unreacted starting powder. Upon the loss of PbO from PZT, the 
9 material enters a two phase region of PZT and Zr02. However, the 

. parti cl es are randomly oriented and appear sporadi ca l1y in the grai ns. 

Therefore the Zr02 particles are most likely the unreacted powder. This 

is· not unusual since Zr02 is the most refractory of the starting oxide 

powders. 

'-.' .. " 
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B. Amorphous Nature of Grain Boundary Phase 

Although the grain boundary phase is rich in PbO, it remains 

amorphous upon solidification. Since neither PbO, Zr02 or Ti02 are 

glass formers,lO it is expected that the grain boundary phase be crystal

line.. No Si is detected by X-ray microanalysis and B X-rays are energe-

\."J tically too weak to be detected with an energy dispersive spectrometer. 

";J 
( ) 

However, it would require approximately 25wt% B203 or 50wt% Si02 to pre

vent crystallization at normal cooling rates. 11 -13 Thus the amorphous 

phase is probably not a silicate or borate glass. Although none of the 

oxi des present are gl ass formers, the ternary combi nati on of the three 

oxides lowers the crystallization temperature and increases the ten

dency to form a glass. 14 Nevertheless, phase diagram studies by Fushimi 8 

of the PbO-Ti02-Zr02 ternary system show that for compositions with 

greater than 50mole% PbO, the liquid phase would always crystallize 

with a PbO phase and Pb{ZrxTi l _x)03 phase upon quenching . 

. The amorphous nature of the grain boundary phase may be due to 

the geometry or microstructure rather than the composition. In other 

words, the liquid phase exists as a thin phase at the grain boundary 

and this microstructure may be responsible for the noncrystallization 

of the liquid phase. 

If it is assumed that nucleation occurs homogeneously in the 

grain boundary phase, the required nucleation rate for crystallization 

will increase due to the small volume of liquid at the grain boundaries 

which is spread over a large area·. 15-16 Usingthe simple model 17 ,18 

(Fig. 5a) of cubical grains with an even layer of.grain boundary phase 

between the grains, the required nucleation rate for crystallization can 

be shown to be increased by a factor of D/3t, where D is the grain 
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diameter and t is the grain boundary thickness. The ratio D/3t is simply 

the ratio of the total volume to the volume in the grain boundary phase 

assuming t « D. 

Another reason a thin film at the grain boundary may remain 

non-crystalline is because of the stress created by the volume change. 

upon crystallization. As the material cools, a solid layer at the sur-

face of the s i ntered body wi 11 form preventing the i ntrus i on of the 1 i qui d 

. grain boundary phase. The volume decrease must be accommodated by the 

formation of pores in the liquid at the intergranular regions. The 

energy for the nucleation and growth of the pores will decrease the 

nucleation and growth rate of the crystalline grain phase and the ten

dency to form an amorphous phase will thus be enhanced. 

Finally, since the liquid grain boundary phase solidifies into two 

Phases,8 the diffusion in the liquid will be two-dimensional. These 

diffusional fluxes are lower and the nucleation and the growth rates will 

thus be lowered. 

C. Effect of Grain Boundary Phase on Properties 

(i) Poling Properties. We can construct an equivalent circuit 

for the two phase material (Fig. 5b). Cl and Rl are the capacitance 

and resistance of the grain boundary phase in series with the grains. 

C2 and R2 are the capacitance and resistance of the grain phase. C3 
and R3 are the capacitance and resistance cif the grain boundary phase 

~. " 

that is parallel with the grain phase .. , Using the model of cubical 0 
• ~,j ! t ~ j , . , ; . ~ e· ~ ~, .' ,; ~'. '.' ~ ( . ~.,", '.'.~! G,~;? i' [ ~ . ,.:,1 

grains, the resistance and capacitance values cari be calculated in 
.• ~:, • ~,:.~ r I .. U~ I:'; 

terms of grain diameter, grain boundary phase thickne'ss and the 
"'. i. 

r~r:·r· l'~ .. ~"':fF) ,," l"~_~\"~'-."""( 

resistivities and dielectric c~nst'ants of both phases:" 
~' .. 
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specific resistivity of grain boundary phase 

specific resistivity of grain phase 

dielectric constant of grain boundary phase 

dielectric constant of grain phase 

area of sample/length of sample 

permittivity of free space 
for t « D 

{D + t)t '1 t 1 
D2 ' Pgb AL ~ [jPgb . AL 

{ 

(D + t) 1 1 
D PIg 

-~ p: . AL AL - 9 

1 D 1 {D + t}2 
-', 

2Dt + t 2Pgb 
. AL ~ 2t Pgb AL 

D2. D = (D + t)t Kgb£o . AL ~ - '1J £ . AL t b 0 

D . AL ~ K £ . AL = D + t Kg£o ' 9 0 

2d + t 2 2t . AL = Kgb£o . AL ~ --rrt<gb£o 
(D + t)2 

If a D.C. voltage is applied to the material, as in poling, the 

voltage drop across each phase can.be calculated. Let Vl , V2 and V3 

be the voltage drop and Ii' 12 and 13 be the current flow across Rl , 

R2 and R3 respectively. If a D.C. voltage Vo is applied on a sample 

where t «D, define 
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PR = P gb/Pg 

Vl 
t PR 

Vo = o + t PR 

V2 = 0 
Vo 0 + t PR 

V3 = Vo 

= 
Vo· AL· r 0 

t Pgb + 0 Pg 

Vo AL + 2t 

o Pgb 

If PR = O/t, then Vl = V2 = Vo/2· This means that half of the O.c. ' 

voltage drop occurs across the grain boundary phase if the ratio of the , 

grain boundary phase resistivity to the grain resistivity is equal to 

the ratio of the grain diameter to the grain boundary phase thickness. 

On the other hand if p" ~ 2t/O then R ' , 

through thegrain.'phase is equal to the current through the grain. 

The results are only order-of-magnitude calculations. Using the values 

o = 311m and t = lOnm, O/t = 3 x 102. Resistivities differences of two' 

orders of magnitude are not unreasonable and~mphasize the si.gnificance 
" 

thin grain boundary phases may have on the electrical properties. 

(ii) Piezoelectric Properties. The piezoelectric constants for 

has a two phase material has been determined by Furukawa et ~.20 This 

been done by considering a spherical piezoelectric particle surrounded 

bya layer of non-piezoelectric material. The two phase sphere is 

embedded in a material with the bulk properties., lfanelectric field 

is applied, the local electric 'fi:elds ~nddisplacement in both phases 

.:.::': 
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(/ 
~ 

.l,k. 

I \ 

(/ 



.\j 
;' 

'\J 

<oj 

( \ 

- 11 -

can be calculated. Similarly, if a stress is applied, the local stress 

and local strains in each phase can also be calculated. The formulae 

derived20 indicate that. if the volume fraction of the second phase is 

1-3%, the piezoelectric constants are effectively that of the primary 

phase~ Planar coupling coefficients of'.60 were measured in this 

material by Chiang,3 indicating that the grain boundary phase apparently 

has little effect on the piezoelectric constants. 

V. CONCLUS IONS 

Sintering of PZT by adding excess PbO results in an amorphous 

grain boundary phase. If the ratio of the resistivity of the grain 

boundary phase to the grain is greater than the ratio of Dlt or less 

than ratio tID, where D is grain diameter and t is the grain boundary 

phas~ thickness, then poling of the material will be inefficient. 

Acknowledgements: The authors thank Dr. Chiang for providing 

the sinteredPZT. This work was supported by the Director, Office of 

Energy Research, Office of Basic Energy Sciences, Materials Science 
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FIGURE CAPTIONS 

Fig-. 1. a) Bright field image. b) Diffuse-scattering dark field 

image showing grain. boundary phase at X-Yand, crystallites 

at C. 

Fig. 2. These four micrographs are taken from the same area of the 

grain boundary. The fringes in the out-of-focus bright field 

images and the bright contrast in. the diffuse-scattering dark 

field indicate that there is a second phase at the grain 

boundary. a) Bright field image underfocused hIm showing a 

pair of dark fringes at the grain boundary. b) Bright field 

image in focus. c) Bright field image overfocused l~m showing 

a pair of light fringes at the grain boundary. d) Diffuse 

scattering dark field image. 

Fig. 3. X-ray microanalysis spectra from a) the grain boundary 

phase and b) within grain. 
t 

Fig. 4. a) Bright field image of Zr02 particle at the edge of the 

foil. b) Zr02 particle and diffraction pattern which indexes 

as tetragonal Zr02. The matrix has been decomposed to eli

minate diffraction spots from matrix phase. c) X-ray micro

analysis spectrum from Zr02 particle in Fig. 4a. 

Fig. 5. a) Model of two phase microstructure. b) Equivalent circuit 

used. 
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Fig. 1 XBB 803 3458 
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Fig . 2 XBB 790-13898 
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Fig . 3 XBB 790 14043A 
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Fig . 4a XBB 803 345] 
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Fig . 4b XBB 803 3457 
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Fig . 4c XBB 803 3447 
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