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DENSIFICATION AND ELECTRICAL PROPERTIES 
OF CONTROLLED STOICHIOMETRY PZT 

Kenneth Edward Crabtree 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 

College of Engineering; University of California, 
Berkeley, California 94720 

ABSTRACT 

The influence of a controlled PbO atmosphere during sintering on 

the densification and electrical properties of undoped, niobium, and 

tungsten doped samples of PbZr .STi •
5
o

3 
was studied. Electrical proper

ties were found to be more strongly dependent upon extrinsic than in~ 

trinsic influences within the single phase region. Substitution of 

w6+ occurs at levels sufficient to neutralize any charged oxygen 

vacancies which may be present in the structure.. Amounts in excess of 

this substitute by a reduction mechanism. 
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I. INTRODUCfiON 

1 . 
Outstanding ferroelectric and t)iezoelectric properties have 

created considerable interest in ceramics of the· pseudo-binary solid 

solution seiies PbZro
3
-PbTi0

3
(PZT). Three characteristic properties of 

ferroelectric materials, dielectric hysteresis, piezoelectricity, and 

high pern.it.tivity provide many possible electrical device :applications 

for thes·e materials:
2 

The tolerance of this system for extensive ionic 

substitution;, 3-
9 

producing a wide variation in physical and electrical 

properties, affords t:he opportunity to manipulate these properties for 

specific device application• However,· reproducibility of electrical 

properties Of polycrystalline PZT ceramics has been difficult to 

achieve. lO, 11 

Electrical properties of materials are know to be extremely 

sensitive to changes in microstructure and composition.
12 

Effects of 

. 13-17 
microstructure on electrical properties of PZT have been determined 

and will not be a subject of this investigation. However, volatization 

of the PbO constituent18, 19 during high temperature processing deter-

mines the deviation from stoichiometry, making the final composition 

directly dependent upon high temperature processing parameters. This 

. 15 20 
vaporization has been suppressed by hot press1.ng ' and sintering in 

the presence of a PbO atmosphere of various (and.varying) activities 

d · db " ki powder"-
1
.' 3 ' 8 ' 10 ,

18
,21-.23 ·Atkin et a1.

8 
found eterm1.ne y a pac ng 

the diffusion rate of PbO in solid PZT to be comparable to the evapora-

tion rate from the surface in air. Thus, careful use of the "packirig 

powder" technique is necessary to assure that a constant PbO activity is 

maintained by the atmosphere powder in close proximity to the specimen. 
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Local changes in atmosphere can create unpredictable, non-reproducible 

changes in stoichiometry of the sample. 

It became feasible to manipulate the PbO defect· concentration by 

employing the packing powder technique when the PbO vapor pressure 

···1. "b i 24 , 25 ·and . ' hi 25 in h Pbz· 0 PbT'O equ~ ~ r a non-sto~c ometry t e r 
3

- 1 
3 

system were 

determined. Vapor equilibration between a sample and a known constant 

PbO activity created by a multi phase packing powder would produce a . 

sample of controlled, reproducible stoichiometry. The purpose of this 

work is to relate the effects of microstructure and composition on the 

electrical properties by employing this equilibration technique. 
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II • EXPERIMENTAL .. 

A. Sample Preparation 

The compos'i tions chosen for this study were compounded allowing for 

charge compensation according to the fo.rmulas: 

Pb .99 0 .01 [Zr. 49Ti .49Nb~6zl 03 

(where 0 denotes a vacancy) 

. 26 . 
Impurity levels of the raw materials used have been shown to be 

insufficient to effect physical and electrical properties of finished 

specimens. The sources of raw materials and average particle size as 

determined by a Fisher Sub-Sieve Sizer are listed in Table I below. 

Table I. Raw materials 

Material (Supplier) 

Reactor Grade Zr0
2 

(Wah Chang Co.) 

T. G.A .. Ti02 (Titanium Corp. of America) 

Reagent Grade PbO (Baker Chemical) 

Nb
2
o

5 
(Alfa .Incirganics) 

W0
3 

(Alfa Inorganics) 

J 

Size, llm 

9.5 

0.6 

1.0 
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To increase reactivity of the Zro
2 

powder, it was milled in a 

neoprene lined ball mill with Zr02 balls for three days in an isopropyl 

alcohol medium. Average particle size was thereby reduced to 2.1 llm, and 

the inorganic contamination was removed by oxidation at 450°C for 10 

hci'urs. 

After weighing, the raw materials were mixed for two hours using 

an isopropyl alochol medium.in a plastic jar with Al
2
o

3 
balls to 

facilitate mixing and particle size reduction. After drying overnight 

at 80°C, the powders were isostatically pressed into a slug and air 

calcined in covered alumina crucibles at 1000°C for five hours. After 

milling under the same conditions Used for mixing, the average particle 

size of the calcined powder was determined as listed in Table II. 

Table II. Particle size of calcined powders 

Size (llm) Size (llm) 
Composition First Calcine Second Calcine 

Undoped 5.4 4.2 

Nb-Doped 4.4 2.8 

W..;Doped 5.0 3.5 

In order to produce more homogeneous starting material and obtain 

higher fired densities, 
27 

the material was again calcined under identical 

conditions. After four hours of milling under the same conditions pre- .· 

viously used, the organic contamination was removed by oxidation and 

the average particle size of the double calcined powder determined 

(Table II). X-ray analysis showed completely reacted constituents and 
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sharper PZT peaks than in the initial calcine. 

From these starting powders, samples were isostatically pressed 

into cylinders 7/16 in. diameter by 1-1/2 in. length and loaded into 

99.7% alumina crucibles. Packing powders (Table III) were used to com-

pletely surround the specimens and fill the crucibles which were tightly 

covered to rninirrSze PbO loss. The crucibles were then loaded side by 

side into a furnace which was subsequently evacuated and backfilled with 

pure oxygen to enhance final stage sintering. 
28 

At the times specified, 

the crucibles were cooled arid specimens were cut from the slugs using a 

diamond saw. 'Ihe remaining part of the slugs was then returned to its 

crucible with a fresh packing powder and 'sintering continued. 

Table III. Packing powders .. 

Powder Q.l200°C 
· PbO ~bO 

PZ.ST. 5 + w/o p .25 0 

PZ + 5 w/o Z .08 .020 

PZ.ST. 5 + 5 w/o Z,T <.035 >.025 

B. Measurement Techniques 

Density and apparent porosity were determined by the ASTM water 

d . 1 h . 29 1sp acement tee n1que. Microstructures were determined using a 

Leitz metallograph to examine polished specimens which had been etched 

in a 35% solution of HCl with 5 drops of concentrated HF per 100 mL of 

'30 
solution. Grain size was determined using the line intercept technique. 
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X-ray diffraction patterns of powdered samples were taken on a Norelco 

diffractometer using CuKa radiation scanning at 1/4° per minute. 

Lattice parameters were determined from the center of gravity at half 

peak ~ntensity. 

Gold electrodes were sputtered onto specimens for electrical study. 

/ 

Ferroelectric data, remnant polarization (PR) and coercive field(Ec), 

was determined using an "AC Looper," a modified Sawyer-Tower circuit 

\'Jith an oscilloscope display. During high voltage application, samples 

were submerged in silicone oil to prevent surface breakdown. Capacitance 

and dissipation factor (D) were measured on a General Radio Type 1650-A 

impedance bridge. Dielectric constants (K) were calculatedfrom 

capacitance data and sample dimensions using the formula: 

c = measured capacitance 

d = sample thickness 

CA£ 
0 

d 

A 

e: 
0 

= electroded area 

= permittivity of free space 

(8.85 X 10 
12 

farads/meter) 

l-

1 
i 

I 
'· 

i 
.J 

·I 
I . l 
l 

-1 
l 
! 

- ·l 
.I 

l 
I 

l· 
I 

j 

.j 

1 

. i 
I 
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III. RESULTS AND DISCUSSION 

A. Undoped PbZr. 5Ti.
50

3 

The physical and electrical behavior· (Table lV) of the undoped com-

position deviated significantly from that of intrinsic PbZr .STi •
5
o

3 

because of contamination introduced during processing. Semiquantitative 

spectrographic analysis of powdered samples indicated that significant 

amounts (0.7±.4a/o) of Al2o
3 

had been picked up during milling. Forma-

29 
tion of a lead aluminate liquid phase facilitates. the rapid densifi-

cation observed for this composition (Fig. 1). 

23 . 
Atkin proposed oxygen vacancy compensation as the charge balancing .· 

mechanism for substitution of Al3+ on the [B4+] site in PZT. He also 

observed that the presence of oxygen vacancies restricts grain boundary 

and domain mobility~ A typical photomicrograph of an undoped compo-

sition is shown in Fig. 2-A. Microstructure study shows that grain 

growth (Fig. 3) is effectively controlled. However, discontinuous grain 

growth is observed (Fig. 2-B) after long times at a lowPbO vapor 

pressure. As expected, ferroelectric activity (Fig •. 4-A) is also sig-

nificantly restricted. 

Properties of materials fired in the low PbO activity packing 

powder (PZ.
5

T.
5 

+ Z + T) are very sensitive to firing time. The (200) 

lattice spacing (Fig. 5) of these compositions was observed to decrease 

significantly with time. A rhorrhohedral phase indicating the low 

. . . d f h . 1 h . 25 d . . . 1.1 act1 v1. ty s1 e o .t e s1.ng e p ase reg1.on pre om1nates 1.n a compo-

sitions fired 48 hours. Deterioration of dielectric properties (Fig. 6), 

commensurate with increased porosity (Table IV) is explained by a series 

capacitance. mode1 31 in which properties are essentially determined by the 
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medium of lowest permittivity. 

By X-ray analysis, a small amount of a Zro
2 

impurity phase was 

detected in all specimens fired 30 hours or longer in the low PbO 

activity atmosphere. The development of this phase indicates that the 

localized PbO atmosphere surrounding the sample is not that set at the 

single phase boundary. The composition of the packing powder used, 

PbZr .STi .
5
o

3 
+ 5 w/o (Zro2-Ti02), ·is actually not on the single phase 

boundary, but in the PZ/PT + Z primary field. Equilibrium tie lines 

have not been determined for this region of the ternary phase diagram. 

However, the phases actually present in this packing powder at high 

temperature are Zro2 and a titania-enriched PZ. 5T .S phase, which will 

determine the PbO activity of the system. Since the lead oxide 

.. . . 25 
activity of PZT decreases as the Zr/Ti ratio decreases, the equilibrium 

PbO activity created by the packing powder is lower than that at the 

single phase boundary of PbZr.
5
Ti.

5
0

3
• 

The samples fired in higher PbO activity atmospheres exhibit im-

proved properties (Table IV). The reduction of· porosity (Table IV) and 

improved electrical properties observed with ·longer firing times 

· 1 14 reinforce Webster s observation that porosity is the most significant 

factor effecting .electrical properties. The increased concentration of 

2+ 2- 32 
highly polarizable Pb and 0 ions may also exert a secondary in-

\ . 

fluence in the change of dielectric constant with PbO defect concen-

tration. Dielectric losses, indicated by the dissipation factor (Fig. 6) 

are lowest for these compositions. 
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B. Niobium Doped Pb. 99 [zr. 49Ti. 49Nb~~2 Jo3 
S+ 4+ . 

Substitution of Nb onto the [B ] site of PZT is compensated by 

charged lead vacancies which increase domain boundary mobility.
31 

.. 3+ ·. 
Presence of the Al ·impurity in comparable concentrations will create 

.• 23 
a compensating effect. However, spectrographic ana1ysis indicates 

that the dopant concentration of NbS+ (l.O±.S a/o) is sufficient to· 

exceed the level of compensation for A13+. In agreement with previous 

studies, S, 23 , 2S, 26 , 31 NbS+ is observed to be an effective grain growth 

inhibitor (Fig. 3). 

Properties (Table V) of samples fired IS hours in atmospheres of 

different PbO a·ctivity remained remarkably insensitive to this variable. 

X-ray studies of samples fired in the low PbO activity packing powder 

(expected to form a two-phase material at equilibrium) indicates that 

the process of equilibration is occurring at a much slower rate than 

densification. The qualitative variation in electrical properties of 

discs from different locations on a fired slug indicates that a speci-

men of this particular sample geometry essentially creates its own 

equilibrium atmosphere at short firing times. 

At extended firing times in a low PbO activity atmosphere, deteriora-

tion of electrical properties (Fig. 6) accompanies the forn,ation of a 

two-phase material with increased porosity. The higher PbO activity 

atmospheres produced consistently excellent properties (Table V). While 

other properties were· comparable, the high activity side of the sing!~ 

phase region (PZT + P) exhibits higher dieleCtric constants, lower 

coercive fields and lower remnant polarization than samples fired in a 
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PZ + Z controlled atmosphere. 

c. Tungsten Doped Pb.
99

[zr. 495Ti_ 495w_ 01 Jo
3 

Substitution of w6+ ( .62 A). is expected to occur on the [B4+] site 

in PZT in conjunction with a charge compensating lead vacancy. This 

has been substantiated by the observation of decreased mechanical 

. . . 33 34 . . . 6 
quality factor, ' caused by the presence of lead vacancies formed 

d · w6+ · ·b · ·· r i h h d 1 db un.ng su st1tut1on. . n agreement w t .. t e mo e propose y 

. 23 ·. . 33 35 
Atkin, Takahashi observed ' tungsten to be an effective grain 

growth inhibitor. 

The results of this study are in opposition to this observation. 

Tungsten was found to be an ineffective grain growth inhibitor (Fig. 3). 
. . . 6+ 

Thus, a mechanism of substitution of W into the PZT lattice mtist be 

proposed to account for ·the observations of this study. 

The multivalence (+2, +3, +4, +5, +6) of the tungsten atom presents 

a likely explanation for this observation. The natural tendency of atoms 

to reduce at high temperatures suggests that such a compensating meGhanism 

. . 6+ . . 
for W substitution may occur. The principal valence states for 

tungsten are +4 and +6. The equilibrium vapor of oxygen, calculated 

from JANAF data for the reaction 

wo2. 72 12oooc wo2 + . 36 o2 

. 36 
is 26.3 atmospheres~ The rules of crystal chen:istry would also favor 

4+ 0 6+ '- 0 . 
substitution of W (. 70 A) rather than W . ( .62 A), which is actually 

at the limits. of compatibility with the perovskite structure. Apparently 

the energy required to. reduce tungsten is less than that necessary to 

create charged vacancies in the PZT s.tructure. Thus, sufficient amounts 

j' 

! 

.. ! 

1. 
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of w6+ substitute in the structure to compensate for the presence of 

3+ . 4+ 
Al ; the rest is reduced to W which would not be expected to in-

fluence grain boundary mobility. 

Similarities between properties of pure PbZr •5Ti _
5
o

3 
and the tung

sten doped ·ceramics of this study support the theory of valence reduc-

tion. Close agreement between lattice constants (Fig. 5) of tungsten 

doped PbZr.
5
Ti.

5
0

3 
and those of intrinsic material

37 
implies a com

patibility between the lattice and a sub/sti tuting tungsten ion which 

6+ 0 

would not be expected for W at .62 A. Ferroelectric properties PR 

and Ec of undoped PbZr.
5
Ti.

5
o

3
38 

are strikingly similar to those of the 

tungsten doped samples of this study (Table VI). The presence of lead 

vacancies produced 

producing a square 

by subs tit uti on of 

23 
looped mat~rial. 

6+ 
W would facilitate switching, 

·However, the intrinsic shape of 

the· ferroelectric loops (Fig. 4-C) observed for tungsten doped materials 

in this study further substantiates a self-compensating substitution 

mechanism. 

While evidence is strong for valence compensation,,the diffusivity 

of the solute in relation to the velocity of grain boundary motion will 

determine its degree of influence on densification. If the velocity of 

the grain boundary is low relative to the diffusivity of the solute ion, 

the drag effect would be negligible. 
39 

The diffusivity of a w6+ ion 

with its associated lead vacancy could easily be greater than that of a 

. 5+ 
complex of two Nb ions and their associated lead vacancy. Increased 

mobility may thus render tungsten an ineffective grain growth inhibitor; 

however, this mechanism does not explain electrical behavior. 



Table VI. W doped 

PR Ec (200) (002) 
Packing Time .. Apparent Apparent Grain ( ~coul.) ( kV ) Lattice Lattice 
Powder (hrs) Density Porosity Size K D(%) 

cm2 ~· ·· Spacing Spacing · 
(%) (~m) 

. 0 0 

(A) (A) 

PZT + P 15 7.94 0.4 26 465 2.2 8.5 1.0 2.015 2.074 

30 7.89 0.2 32 520 2.1 8.5 8.3 2.016 2.073 

48 7.88 0.3 38 926 1.5 14.0 5.1 2.015 2.072 

I 

PZ + Z 15 . 7. 97 0~5 24 440 2.0 9.0 9.3 2.016 2.074 
,_. 
~ 
I 

30 7. 97 0.6 32 439 L5 8.5 9.3 2.019 2.074 

48 7.88 0.4 38 734 1.3 9 9.1 2.015 '2 .072 

PZT + Z + T 15 7.85 10.9 25 . 305 . 1.5 4 9.5 2.011 2.070 

30 7.74 20.5 40 169 3.6 4 9.5 2.009 2.070 

48 7.65 31.7 - 23 5.4 3.5 9.7 Rhomb 2.068 
2.008 
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Densities of tungsten doped specimens were observed to decrease 

with extended firing in all atmospheres. These results are greatly 

accentuated in the-low activity powder (P~. 5T. 5 + Z + T). Poor 

mechanical strength of specimens fired 48 hours in this atmosphere made 

microstructure determinations impossible. Lattice spacings (Fig. 5) 

and dielectric properties (Fig. 6) also-deteriorated rapidly. 

'i 

,.:..--
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IV. CONCLUSIONS 

6+ Substitution of W occurs at levels sufficient to neutralize 

any charged oxygen vacancies which may be present in the structure • 

. 4+ 
Au.oun ts in excess of this substitute as W by a reduction mechanism. 

(2) Electrical properties were found to be more strongly dependent 

upon extrinsic than intrinsic influences within the single phase region. 

(3) For the particular sample geometry studied, the effect of a 

1200°C 
low PbO atmosphere (~PbO <.034) on electrical properties after 

short sintering times is negligible. 
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FIGURE CAPTIONS 

Fig. 1. Densification vs Time l/2 at 1200°C. 

Fig. 2. Typical microstructures of undoped PbZr. 5Ti. 5o3• 

(A) Undoped, fired 15 hrs in PZT + Z + T atm. 

(B) Undoped, fired 48 hrs in PZT + Z + T atm. 

Fig. 3. Grain size vs log time. 

Fig. 4. Typical ferroelectric loops. 

Fig. 5. Lattice spacings vs PbO defect concentration. 

(A) Undoped. 

(B) Nb doped. 

(C) W doped. 

Fig. 6. Dielectric properties vs PbO defect concentration. 

(A) Undoped. 

(B) Nb doped. 

(C) W doped. 

Fig. 7. Typical microstructures of doped PbZr. 5Ti. 503• 

(A) Pb(Zr. 49Ti. 49Nb. 02 )o3 fired 48 hrs in PZ + Z atm. 

(B) Pb(Zr.495Ti. 495w. 01)o3 fired 30 hrs in PZT + P atm. 



' ' 
·' ' 

- 1,; 

;:.... --~ 7.8 
OJ 

0 7.6 -c OJ .. 
.. 7.4 
0 
~ 

: 7.2 

A. PZT+ Z +T ATM . 

. ~ undoped .. 

--~---: Nb doped 

-o-w doped 

B. PZ + Z ATM . 

. •: 

. ·c. PZT + P ATM. 

4 6 8 
t 1h thrs 1/l > 

XBL 74H-7596 

Fig. 1 

•. 

"·l 
. i 

1 



·.r ; • , 
I 0 

-25-

N 



C» 
N 

Cf) 

-26-

/ 
/ 

/ 

/ 

., ---.,- ------

/ 
0 

I 
I 

/ 

Jl 

0.5 1.0 1.5 
too t (hrs > 

------- ------------

A. PZT+Z+T ATM. 

CF Undoped 

• ·· -6··- Nb doped 

-0- w doped 

B. PZ + Z ATM. 

0~------~------_.------~~---0.5 1.0 1.5 
too t (hrs) 

A •' 
~--

../:{' 

0.5 1.0 I. 5 
I oo t (h rs) 

Fig. 3 

C. PZT + P ATM . 

.A 

XBL 7411-7597 

. I 

. ! 

·I 
! 



0 U 0 • ~ u / 6 ·~ 

-27-

A . UNDOPED 

J.L coul/cm2 

C. W DOPED 

B. Nb DOPED 

X BL 7411-7600 

Fig. 4 



- 28 -

-o-15 hrs 
--6· ·30 hrs 

o<[ 2.075 
--D-48 hrs 

........ 

. ~ 2 .073 
(J 

g_ 2.071 
(/) 

0 2.069 

§ 2.067 
0 
........ 2065 . 0~--~~--~~~~ 2.0060 

(J 

&. 2.071 
(/) 

I 

c 2.06 
@ 

8 ........ 

o<X 

01 

~ 2.ar 
0 
a. 
(/) 

I 

c 

[X] PbO Intrinsic 
A. UNDOPED 

-~4 --- ' ~~ ' ........... ' 
~~ ,~ 

\ 
\ 
\ 

~ 

0 .010 0.020 0.010 
[X]PbO Intrinsic · [X]PbO Intrinsic 

B. Nb DOPED 

2.020 

01 

·~ 2.01 
0 

~ 2.014 
I 

c 

----~~ ---------- \ 
~ 

~006~--~----~~~~ 
0.010 0.020 0.030 0 O.DIO 

[X]PbO Intrinsic [X]PbO Intrinsic 

C. W DOPED 
XBL 7411-7598 

Pig . 5 



0 0 0 ~ ~ 0 I 6 ~ 7 

100 

-29--

--- ---
-----

0 0.010 OD20 0.030 
[X] PbO Intrinsic 

A. UNDOPED 

0 0.010 0.020 0030 
[X] PbO Intrinsic 

B. Nb DOPED 

-o- 15 hrs 

·-·-6-·- 30 hrs 

-G-48hrs 

0 0-01 0 0.020 0.030 
[X] PbO Intrinsic 

~-----------

[X]PbO Intrinsic 

0 0-010 0 ODIO 0.020 0.030 
[X] PbO Intrinsic [X] PbO Intrinsic 

C. W DOPED 
XBL 7411-7599 

Fig. 6 



-30--



' u ~) -u I 

r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal. liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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