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ABSTRACT 

Effect of excess PbO (O-S wt. %) additions to calcined 

powder of Pbl_x(ZrO.STiO.S)03_x composition on its density, 

shrinkaie, grain size, dielectric constant, remnant polar-

ization and coupling coefficient after firing at l200 0 C is 

discussed. The influence of two kinds of packing powder 

(PZ, PZ+Z) and two particle sizes of packing powder on sin-

cussed. Comparisons are related to the degree of satur-

ization and presence of excess PbO in the specimens. 

This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Haterials Sciences Division of the 
U.S. Department of Energy llllder Contract NO. W-7405~Eng-48. 
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INTRODUCTION 

Lead Zirconate titanate (PZT) ceramics have been studied ex-

tensively. Most of the work has concentrated on correlating changes 

in specific properties with changes in the ratio of Zr/Ti or the 

1-6 
impurity content, e.g., Crt Nb, Mn, La, etc., and with changes 

in the sintering characteristics, i.e., sintering time, temperature 

7:-10 and atmosphere. The understanding of other processing parameters 

is rather limited. 

It has been reported 9 that a deficiency of PbO results in 

a lOw planar coupling efficiency, K , of the specimens. Loss 
p . 

of PbO can occu.r during sinter.ing because of its volatility. To 

prevent or suppress the PbO Ipsa, specimens have been sintered 

in packing powders containing PbO in their composition and in an 

7 11 oxygen atmosphere instead of vacuum.' ~he effect of different 

12-17 types of packing powder have been studied in this laboratory. . 

Studies have also shown that additions of excess lead oxide or its 

compounds can form as a liquid phase during sihtering and thus 

I , 'd h ., , 'd 17-19 serves as a 1qU1 p ase s1nter1ng a1. . The achievement 

of theoretical density and maintenance of composition control 

is desirable because high density increases the breakdown strength 

and uniformity' necessary for reliability. In this study, special 

attention was addressed to the effect of PbO in the presence 

of packing powders. 
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and oxygen atmosphere, and of packing powders of several compositions 

with differing particle size on the sintering behavior and character 

of the specimens. 

As a secondary objective we sought to fabricate large rod spec-

imens from which discs,could be cut instead of the normal ,procedure 

of making individual discs. Isostatic pressing was compared with 

conventional cold pressing to form the unfired compact. 

In all cases, the effect on densification, microstructure and 
(I 

the planar coupling coefficient, K was examined. 
p 

EXPERIMENTAL 

A) Specimens 

Two PZT compositions, Pbl_x(zr.50Ti.50)03_x and 

Pbl_x(zr.52Ti.48)03_x' with no additi~es of other oxides were select-

ed for this study. The former composition was used to study the 

effect of additions of excess PbO (0 to 5 wt%) in thin disc speci-

mens fired in PZ packing powder. A second series_using Zr!'1:'i = 52/48 

with 3 wt% excess PbO was prepared to study the relative effects of 

the use of lead zirconate (PZ) and PZ + 5 wt% Zr'02 (PZ + Z) packing 

powder, with two particle sizes for the latter. A third experiment 

used Zr/Tf 52/48 to study the effect of l,and 5 wt% excess PbO in 

rod-shaped billet specimens fired in PZ packing powder. 

B) Processing 

the starting powders of PbO, Zr02 and Ti02 were 99.9% pure 

reagent grade. Mixtures of proper proportions were milled and mixed 
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in a vibratory ball mill for 4 hours with zr0
2 

balls as grinding 

media and isopropyl alcohol as a lubricant. After mixing, the pow

der was dried in an oven at 1500 C and crushed. The powder for the 

first series was loosely poured into a covered zirconia crucible for 

calcining, and the powders for the other series were isostatically pressed 

(20,000 psi or 1.4 x 108 Pa) into a slug. After calcining at 8500 C for 

4 hours in air, the calcines were crushed while contained in a plastic 

bag to pass through a 60 mesh screen. Polyvinyl alcohol (PVA) was 

used as a binder to aid in the formation of cold pressed and iso-

statically pressed compacts. It was added as a 1.5 wt% solution in 

the first'series and asa 4 wt% solution. in series 2 and 3. In each 

case, 0.005 8m PVA was added per gram PZT. Both PVA solutions were 

diluted with water to about 20 to 30 times in order to prevent the 

PVA from precipitating in the isopropyl alcohol. After 4 hours of 

o . 
milling, the slurry was dried on a heating plate at 60 C with mag-

netic stirring in order to prevent evaporation of PVA and to main-

tain homogeneity. The dried powder was ground or granulated and 

sifted through a 100 mesh screen. 

For thin disc specimens, 4 to 5 grams of powder were uniaxially 

7 7 cold pressed at 2.1 10 or 3.4 x 10 Pa in a steel die, 2.54 cm in 

diameter. The thickness was approximately 3.2 mm. The discs were 

placed in a high density alumina boat and covered individually with 

packing powder. The boat was covered with a dense alumina plate. 

Sintering was carried out at 12000 C fot' 1 or 8 hours in one atmos-

phere of oxygen. The usual packing powders had a fineness of -60 
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mesh while the finer powder was -100 mesh. The fired specimens were 

ground to 1 mm in thickness using 240 grit and 600 grit SiC powders. 

For fabrication of cylindrical rod specimens, approximately 150 

8 
grams of the milled powder were isostatically pressed at 1.4 x 10 Pa 

in a plastic bag with a diameter - 4 cm and length - 10 cm. The rods 

were covered with -60 mesh PZ packing powder in a covered alumina 

crucible and sintered as described. After sintering, the rods were 

sliced into pieces 1 mm thick and lightly polished to remove the 

visible scratches made by the diamond saw. Specimens 1. 59 cm 

(5/8 inch) in diameter were then drilled from the center portion of 

each piece by an ultrasonic impact grinder. 

After calcination and firing, specimens were analyzed by x-ray 

diffraction. Density of fired pieces was determined by the water 

displacement method. An optical microscope and a scanning electron 

microscope (SEM) were used to analyze the microstructure, i.e., 

shape and size of pores, grains and domains. Electron dispersive 

analysis of x~rays (EDAX) and x-ray mapping attached to SEM were used 

to detect the presence of any second phase. An electron microprobe 

was also used for compositional analyses. Specimens then were elec-

troded on both large surfaces by Ag evaporation and the planar 

coupling coefficients, K , were determined according to the IRE stan
p 

20 dard procedure. 
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RESULTS 

The density, linear shrinkage, and grain size increased with an 

increase of excess PbO for specimens with Zr/Ti = 50/50 after firing 

o . at 1200 e for 1 and 8 hours, as shown in Fig. 1. The microstructures 

of specimens sintered for 8 hours are shown in Fig. 2. The relation-

ships between remnant polarization (P ), saturation polarization (P ), . r s 

coercive field (E ), dielectric constant (£ ), K for a poling c r p 

field of 3.5 kv/mm and a poling time of 30 min. at poling temperatures 

of 90 and 1000e and the amount of excess PbO are shown in Fig. 3. 

Except for the coercive field, the properties showed a tendency to in-

crease with increasing amounts of PbO. It can be seen that the K 
p 

values are significantly higher after 8 hours of sintering,presumably 

due to the higher densities since the grain sizes are essentially 

equivalent for equivalent a~ounts of excess PbO. 

X-ray diffraction patterns indicated two sets of PZT peaks 

(Fig. 4), the strongest set corresponding to that for the tetragonal 

form, and the weakest to that for the rhombohedral form. The cal-

cined powder indicated poorer crystallinity. The specimens with 

additions of 2 and 5% excess PbO fired for 1 hour were the only ones. 

that showed the presence of a PbO phase; the K values for these p 

specimens were significantly higher than for those with O· and 1 wt% 

excess PbO. 
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Disc specimens of this composition with 3 wt% excess PbO sintered 

o 
at 1200 e for 8 hours in PZ and in PZ + Z packing powders had the same 

fired densities and K values although the grain size was smaller for p , 

the latter set (Tabler). A specimen sintered in finer PZ + Z packing 

powder, however, had a slightly higher density, an intermediate grain 

size, and higher K. The comparison of K values for specimens fired 
p p , 

in two PZ + Z powders of different fineness over a range of poling 

fields for poling times of 5 min. at lOOoe is shown in Fig. 5. The 

x-ray diffraction patterns for these specimens showed one set of peaks 

(Fig. 4), corresponding to the tetragonal form of PZT, as ~xpected 

from the phase equilibrium diagram. As before, the calcined powder 

showed poorer crystallinity. The microstructures for the three 

specimens fired in different packing powders are shown in Fig. 6. 

The sintered rod-shaped specimens had different characteristics. On 

slicing thin disc specimens from the sintered billets, it was observ-

ed that the cross-sections were notun'iform. The outer regions were 

dark brown; the inner portion for the 1 wt% PbO specimen was light 

brown and for the 5 wt% PbO specimen, reddish brown. By optical 

microscopy, the light colored region of the former specimen was seen 

to be porous and non-homogeneous with some black segregation spots, 

primarily along grain boundaries; the outer dark colored region was 

dense but a ring of porous structure existed near the edge of the 

specimen (Fig. 7). EDAX analysis of the inner region showed that the 

black spots are predominantly Zr, which were determined to be Zr02 by 
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x~ray mapping and electron microprobe analyses. The concentrations 

in the outer dark region fluctuated about 2 atomic ~~' (more notice-

ably in the Pb content) but appeared to be uniform macroscopically, 

while the concentration in the inner region fluctuated considerably. 

, 3 
The density of the inner region was 7.91 g/cm and K was 0.18. 

, P 

Many pores appeared after etching the S wt% PbO rod specimen, 

Fig. 8, due to the removal of a second phase present along the grain 

boundaries that was rich in PbO as interpreted by EDAX analysis. The 

density of the inner region was 8.03 and the K value, 0.49 (Table I). 
p , 

DISCUSSION 

PbO was added to PZT powders and the well-known packing powder 

technique was used in firing to control the P/ZT ratios because of 
e 

high volatility of PbOat firing temperatures. Excess PbO also 

contributed to liquid phase densification. Processing procedures, 

such as these, are extremely critical in determining the final PZT 

composition and microstructure. It is thus helpful to first discuss 

the relationship between PbOactivity, apbO ' and temperature for the 

compounds of interest in our study. Figure 9 shows plots of apbO 

vs. liT for these equilibrium combinations of compounds, i.e., for 

PZ + P, PZ + Z, PZO.STO.S+P and Pl_xZO.STO.S+Z. The apbOof PZ at 
',0 

1200 C varies from 0.43 when it is saturated with PbO to 0.08 when it 

is saturated with Zr02 . Likewise, Pl-xZO.STO.S when saturated with 

PbO (x=O) has apbO of 0.22 and with Zr0
2 

(x> 0), 0.032. 

In a closed system with no loss of PbO at l2000 C, the a
pbO 
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( 

will tend to equilibrate between the specimen and the packing powder. 

If PZ packing powder is used, its a pbO will depend on the degree of 

its saturation with PbO. If its apbO > 0.22, then the PZT compact will 

tend toward saturation with PbO, i.e., x~ O. Excess PbO added as 

a sintering aid would then remain and distribute itself throughout the 

specimen uniformly. If the PZ packing powder is not saturated with 

PbO, and apbO < 0.22, then some of the PhO will leave the specimen 

and he absorbed by the packing until it becomes saturated. On the 

other hand, if PZ + Z packing powder is used, then the system will 

attempt to equilibrate to an apbO of ~ 0.08 providing the powder has 

a sufficient amount of Zr02 to absorb and react with all of the, 

PbO volatized from the specimens (i.e., PZT will have x > 0). The 

particle size of the packing powder would only affect the kinetics on 

the basis of total surface area and permeation considerations. Thus, 

it is by controlling the amount of excess·PbO added to the specimen 

and the amount of excess zr02 added to the PZ packing powder, that 

the benefits of liquid phase-s-intering cOtftd be realized pius dense 

homogeneous specimens free from excess PbO. 

In an open system, i.e., a crucible with a loosely fitting lid, 

some PbOloss from the system can occur, especially at high temper-

atures and during long firing times. A packing powder is known to 

act as a buffer in protecting the specimens by reducing the PbO loss 

rate; a fine powder would perform this task more effectively by 

reducing the permeability of the volatizing PbO and the system would 

thus behave more like a closed system. The effect of the packing 
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powder composition on the final PZT composition wou~d be similar to 

that described. A PZ powder would be a better buffer because of its 

higher a pbO if a PZT composition with x ~ 0 is desired. However, 

continuing loss of PbO will eventually lead to dissociation of some 

of the PZ and result in a mixture of PZ + Z with an ~bO = 0.06 as 

long as any PZ remains. 

With several reactions going on at the same time, it becomes 

necessary to interpret the kinetics and the interplay of the repect

ive reactions in order to explain changes in the composition of 

Pl _x (Zr,Ti)03_x and the properties of the specimens. 

A) The Pbl_x(ZrO.5TiO.5)03_x Series 

This series show an increase in shrinka:ge with additions of PbO 

(0-5 wt%) but little additional increase for equivalent amounts of 

excess PbO with increase of firing from 1 to 8 hours at l2000 C 

(Fig. 1). The small increases in shrinkage are sufficient to account 

f()r the increase in densities after 8 hours of firing. This increase 

indicates the existence of a liquid phase sintering mechanism which 

persists for longer .times with an increase of excess PbO. This 

behavior indicates the existence of an open system in which the PbO 

loss by volatilization is significant. A PbO phase was detected only 

in the specimens with a starting 2 and 5 wt% excess PbO that were 

fired for 1 hour. 
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The existence of more "pull-outs" during polishing of the 

specimens with no or little excess PbD additions to the powder (Fig. 2) 

suggests that grain boundaries are stronger when P/ZT approaches unity 

or x --l- 0 in PZT. 

From Fig. 3 it can be seen that K increases with an increasing 
p 

amount of excess PbD for both the 1 and 8 hour sintered series. The 

K trend for the 1 hour sintered specimens is more informative; 
p 

Fig. 3 shows a large increase in K between 1 and 2 wt% PbD. Also 
p 

of significance is that the 8 hour fired specimens without an ex-

cess of PbD added have higher K values. There is also a correspond
p 

ing increase in grain size which, however, does not appear to be 

significant in this study since the 1 hour firing series shows the 

same increase in grain size. It appears that a homogeneous distri-

bution of PbD, and perhaps saturation with PbD, throughout the grains 

associated with higher densities (Fig. 1) realized by firing in a 

packing powder with high apbD may be the most critical factors for 

--- -- .- .. _. 
increasing K values. It is also of interest to note that this homo

p 

genization does not lead to a single PZT phase if two PZT phases are 

formed during calcination. The presence of the two phases, in this 

case, do not appear, to be critical in terms of K values since they 
p 

1 21 
both are close to compositions with high K values. ' 

p 

B) The Pb1_x(zr.52Ti~48)03_x Series 

1) Disc Specimens 

This series was selected for further studies because its higher 

21 ZiT ratio has been reported to result in higher K values. 
p 



-12-

The use of 3 wt%excess amount 'of PbO, a firing schedule of 12000c for 

B hours, and PZ and PZ + Z packing powders resulted in specimens with 

3 the same density of B.OO g/cm and grain sizes of 7.9 and 3.6 l..Im, 

respectively. The K values were the same, 0.54, when poled at 
p 

3Kv/mm and 1000C for 20 minutes (Table I). Although the specimen 

with the larger grain size would be expected to have a higher K 
p 

value, the presence of regions with pore concentrations and possibly 

some free PbO apparently decreased the K value. Density was in
p 

creased from B.OO toB.Ol g/cm3 grain size from 3.6 to 5.1 l..Im when 

fine PZ + Z packing powder was used instead of coarse. Poling at 

1000C for 5 minutes with an increasing poling field showed a maximum 

value of 0.65 at about 6 Kv/mm (Fig. 5) which can be attributed to 

the higher density and probably more evenly saturated and homo-

geneous distribution of PbO in comparison with a value of 0.60 for 

the specimen fired in a coarse packing powder. The highest K . P 

1 d · h 1· f h· ... 0 61 22 va ue reporte 1n t e 1terature or t 1S compoS1t10n 1S . . 

The microstructures of the three specimens are shown in Fig. 6. 

The smallest number of pores are indicated by the specimen with 

intermediate siz~ grains fired in fine PZ + Z, and the largest number 

and least uniform distribution by the one with the largest grains 

fired in coarse PZ powder. The PZ powder, because of its higher apbO ' 

would cause a longer retention of the excess PbO by the specimen 

resulting in grain growth and presence of some residue PbO along 

grain boundaries. In the case of coarse PZ + Z powder, loss of 

PbO by the specimen would occur both through absorption of PbO by 
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the powder and through permeation. It appears that kinetically the 

fine PZ + Z powder, which would have a smaller loss by permeation, 

provides the most favorable situation in terms of the rate of loss of 

PbD as evidenced by the higher K value. Consequently, it is seen 
p 

that saturation of PZT with PbD (x=D) but with no excess of PbD, and 

freedom from pores, are the most criticar to attaining desirable 

properties. 

2) Rod-shaped Specimens 

The rod specimens introduced a processing variable that is 

negligible in the disc ,specimens; t'he presence of density gradients 

in the unfired state. During isostatic pressing, the regions ad-

jacent to the surfaces acquired a higher unfired density. During 

sintering these regions densified first providing a rigid cage which 

retarded the densification of the inner region. This situation is 

affected by and also affects the distribution of PbD within the 

specimens." 

The specimen fired with a starting mixture of 1 wt% excess PbD 

had an interior of low density (7.91) and small grains of ZrD2 

which is an indication of loss of PbD. The use of a coarse PZ 

packing powder and the presence of an open system appears to have 

resulted in the loss of the excess PbD before the outer region of 

the specimen densified appreciably. Movement of PbD from the inner 

to the outer regions, however, continued because of the lower PbD 

vapor pressure around the specimen. The presence of PbD vapor and 

the higher unfired density of the outer region introduced during 
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isostati~ pressing accelerated the densification of the outer region 

of the specimen. With continuing loss of PbO by the packing powder 

the apbO in the specimen dropped, resulting in the formation of a 

small porous ring as seen in Fig. 7. With decrease in the apbO in the 

center region a level apparently was reached where PZT began to decom

pose, as indicated by the presence of Zr02 . If the calcination of the 

PZT powder was not complete, then this decomposition may occur more 

easily since the order of PbO vapor pressures is PZ>PZT> PT as seen 

in Fig. 9. 

The specimen with 5 wt% excess PbO densified more completely 

(8.03 g/cm3) but still ·has visibly identifiable excess PbO iIi the 

interior primarily in the grain boundary regions. The outer region 

had a higher density due to a larger amount of PbO, as indicated by 

its reddish color, and retarded loss of PbO from the interior. None 

of the disc specimens with 5 wt% excess PbO had free PbO phase left 

after 8 hours of firing.although the nature of the grain boundaries 

suggest their saturation with PbO. For these processing conditions, 

it appears that a PbO content between 1 and 5 wt% should provide a 

dense homogeneous specimen free of excess PbO. Further improvements 

should be gained by optimization of the packing powder character-

istics, (e.g., composition, fineness, quantity, relative amounts 

of specimens, and packing powder), and of the unfired compact pre

paration techniques. Such studies, however, were not pursued. 
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3) Phase Compositions 

X-ray diffraction analysis of the P(ZO.50TO.50) series showed 

tetragonal and rhombohedral phases and ,of the P(ZO.52TO.48) series 

only tetragonal although the equilibrium ratio of ZIT is closer to 

53/47, the morphotropic phase boundary ZIT ratio. The main difference 

in processing was that the mixed starting powders were poured into a 

crucible in the first series, and isostatically pressed into a rod 

in the second before calcination at 8500 C. 

It is postulated that the loose powder does not realize the same 

degree of continuity and homogeneity as the isostatically pressed 

compacts. Also, it is known that in a mixture of P,Z, and T, PT 

forms more readily at a lower temperature and then further reaction 
, . 

results in the formation of PZT. 23 As a result, particles of PZ-rich 

and PT-rich phases form which persist during sintering. The form-

ation of a single phase PZT during calcination eliminates this 

problem. 

CONCLUSIONS 

It has been demonstrated that within the experimental range of 

this study excess PbO added to .the PZT powder contributes to densi-

fication by a liquid phase sintering mechanism which is associated 

with grain growth. This addition is found to assist in strengthening 

the grain boundaries, as evidenced by a reduced number of grain 

"pull-outs" during polishing. 
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It has also been demonstrated that the composition and particle 

size of the packing powder is critical to the kinetics of specimen 

equilibration. The performance of fine packing powders is shown to 

be dependent upon whether the specimen and powder container is open 

or closed. An ideal arrangement may be provided by a PZ saturated 

with PbO in a closed system wh~ch could result in PZT specimens 

homogeneously saturated with PbO but with no excess PbO; however, 

this experiment was not performed. 
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T~bl~ I. Data for Pb(ZrO.S2TiO.48)03 Speci~ens Prepared with Different 

Processing Variables. 

** Shape Excess Packing Densitv Grain Size K 
(PbO) Powder (g/ cm3) (]..lm) p 

* rod , wt% PZ 7.91 3.1 0.18 .L 

* rod 5 wt% PZ 8.03 3.7 0.49 

disc 3 wt% PZ 8.00 7.9 0.54 

disc 3 wt% PZ+Z 8.00 3.6 0.54 

disc 3 wt% PZ+zt 8.01 5.1 0.60 

* Inner r'egion of rod-shaped specimens. 
t packing powder. 

" 

Finer 

** Planar coupling coefficient for a poling field of 3Kv/mm for 20 min 
at 100°C. 

.. ;:,., 

• 

w' 
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FIGURES 

Fig. 1 Density, shrinkage, and grain size vs. excess PbO for 

.. Pb1_x(Zr.50Ti.50)03_x specimen sintered for 1 hour and 8 

a hours at 1200 C. 

Fig. 2 Microstructures of Pb1_x(Zr.50Ti.50)03_x specimens sintered 

for 8 hours at 12000 C with A) 0 wt% PbO, B) 1 wt% PbO, c) 2 

wt% PbO, and D) 5 wt% PbO. 

Fig. 3 Dielectric constant £ , coercive field E , permanent polari-
r c 

zation P , remnant polarization P , and planar coupling co-s r 

efficient K (E = 3.5 Kv/mm, T = 90oC, t = 30 min.) vs. p p p p 

the amount of excessPbO for PZ. 5T. 5 specimens sintered for 

1 and 8 hours at 120QoC. 

Fig. 4 X-ray diffraction pattern for PZ. 5T. 5 and PZ. 52T. 48 specimens: 

A) PZ. 5T. 5 calcined, B) PZ. 52T. 48 ca1cined~ C) PZ. 52T. 48 + 

3 wt% excess PbO sintered for 8 hours, D) PZ. 5T. 5 + 5 wt% 

excess PbO sintered for 1 hour, and E) PZ. 5T. 5 + 5 wt% 

excess PbO sintered for 8 hours. 

Fig. 5 Comparison of Kp vs. poling field Ep for Pb1_x(Zr.52Ti.48)03_x 

+ 3 wt% excess. Pbo specimens sintered in fine (white 

circle) and coarse (black circle) PZ + Z packing powder. 
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Fig. -6 Microstructures of Pb1_x (Zr .52Ti.48)03_x specimens using 

A) PZ + Z packing powder «60 mesh), B) PZ + Z packing powder 

«100 mesh), and C) PZ packing powder «60 mesh). 

Fig. 7 Microstructures of Pb1_x(Zr.52Ti.48)03_x + 1 wt% PbO rod

shaped specimen: A) difference in density between inner 

(right) and outer (left) regions of the sample, B)- inner 

region microstructure showing both pores and segregation 

spots, and C) domain structure observed at higher magnifica-

tion. 

Fig. 8 Microstructure of Pb1_x(zr.52Ti.48)03_x + 5 wt% PbO rod~ 

shaped specimen: A) unetched, and B) etched. Whitish 

regions in (A) become porous in (B) due to loss of the 

second phase PbO • 

. Fig. ,9. Lead oxide activity as a function of reciprocal temperature 

1000/T(oK) 14 
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Fig. 2 XBB 793-4099 
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