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Fabrication of fine-grain piezoelectric ceramics
using reactive calcination
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Fine-grain piezoelectric ceramics with the formula Pb(Zry 55Ty 47)O5(PZT) were prepared by a
reactive calcination process. Using conventional materials and processing techniques, highly
reactive powders of PZT were achieved by calcining to or near the point of maximum volume
expansion, whereby associated morphological changes resulted in highly reactive powder.
Upon milling, powders < 0.3 um were readily obtained aliowing densification at temperatures
<1000°C. The B-site precursor method, whereby the ZrO, and TiO, oxides were pre-reacted

prior to reaction with PbO, further enhanced reactivity by eliminating intermediate reactions
and subsequent phase(s) which can hinder densification and overall homogeneity. Highly
dense piezoceramics with grain sizes ~1 to 2 um exhibiting dielectric and piezoelectric
characteristics comparable to conventionally prepared large grain size materials were obtained.

1. Introduction

Modified lead zirconate titanate (PZT) ceramics are
choice materials still widely used for various piezoelec-
tric applications [ 1-4]. In general, conventionally pre-
pared PZT ceramics are calcined and sintered at
relatively high temperatures, > 900 and 1200 °C, re-
spectively, to ensure complete phase formation and
the desired piezoelectric properties. Problems associ-
ated with the high processing temperatures include
PbO loss through volatilization and hence poor over-
all uniformity. In recent applications, such as multi-
layer actuators [5, 6] it is desirable to use lower
sintering temperatures to incorporate less costly inter-
nal electrodes, as well as to achieve finer grain-size
structures. The latter are particularly important in
high-frequency devices such as biomedical transducers
[7].

Processing methods employed to enhance the re-
activity of PZT have included various chemical tech-
niques (sol-gel, molten salt, and hydrothermal) to
prepare homogeneous and fine powders, as well as
high-energy milling, and hot pressing [1-3, 8-13].
Although the above methods have been successful in
reducing the firing temperature and subsequent grain
size, they are in general expensive and not amenable to
large-scale production.

Previous investigations on the role of calcination
and its effect on sintering of PZT ceramics found that

densification could be enhanced by partially reacting

the component powders near the point of maximum
volume expansion, an effect generally observed in the
formation of lead based Pb(B)O; perovskites [14].
The enhanced densification was attributed to a react-

ive sintering process, associated with the completion
of the PZT formation reaction. (The term “reaction
sintering” is herein defined as a process by which
densification is enhanced as the result of an accom-
panying phenomenon, e.g. a chemical reaction, which
is greatly beneficial to diffusion and the overall
sintering phenomenon.)

The reaction sequence of PZT, however, is quite
complex with several intermediate phases being for-
med. Associated with these phases, which include
PbTiO,, are volume expansions and morphological
transformations that may actually hinder or lead to
inhomogeneous densification if the oxide mixture is
not properly processed. Based on the work by Swartz
and Shrout [15] on related lead-based perovskites, it
was proposed that by pre-reacting the B-site oxides
TiO, and ZrO, — ZrTiO, prior to reaction with PbO,
only a single reaction step and subsequent volume
expansion would occur and thus lead to more homo-
geneous densification.

In this study, the concept of reactive sintering in
copjunction with conventional materials and pro-
cessing techniques was proposed to prepare highly
reactive PZT powder and fine-grain piezoelectric ce-
ramics. Reactive sintering was investigated for both
mixed oxide and B-site precursor powder methods.
The dielectric, piezoelectric, and physical character-
istics were determined for both systems.

2. Experimental procedure
2. Powder preparation
The PZT composition selected for this study, being
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near the morphotropic phase boundary, was
Pb(Zr, 55 Tiy 4,)O5. Raw materials used for the ex-
periments were reagent grade PbO (Hammond
Lead Products, Inc., PbO (yellow, 99%) Hammond,
Indiana, USA); TiO, (Whittaker, Clark & Daniels,
TiO, Grade (99%) Pittsburgh, Pennsylvania, USA);
and ZrO, (Harshaw/Filtrol, ZrO, (electronic grade)
Cleveland, Ohio, USA). The powders were weighed in
a nalgene container and vibratory milled (Sweco, Inc.,
Model M-18-5, Florence, Kentucky, USA) for 24 h
with ethyl alcohol using ZrO, milling media. A small
amount of dispersant was added to provide efficient
milling. The slurry was dried in an oven at 80°C and
calcined near the point of maximum volume expan-
sion described in the next section. To further increase
the reactivity of the powder, approximately’one-half of
the calcined powder was vibratory milled. The mater-
ials were designated PZT-AS (as-calcined)’ and
PZT-M (milled). -

A PZT mixture was also prepared using zirconate
titanate (ZT) powder, where ZT was prepared from
Zr0, and TiO, in the ratio of 53:47. The mixture was
prepared as above and calcined at 1400 °C for 4 h. The
calcined ZT powder was hammer-milled and sieved
through 60 mesh, followed by the addition of PbO and
calcined again near the point of maximum volume
expansion. Again, part of the powder was milled,
designated ZTP-M and ZTP-AS (for the as-calcined
material).

2.2. Calcination and sintering studies

To determine the optimum calcination temperature,
powders of uncalcined PZT-AS and ZTP-AS were
pressed (~ 34 MPa) into discs 1.25 cm in diameter
and 3 to 4 mm thick. The discs were heated in an
electric furnace up to 1000°C with a heating rate of
2°C min ™!, with samples removed from the furnace at
50°C intervals. The sample dimensions were meas-
ured to determine volume expansion and/or shrink-
age. X-ray powder diffraction (XRD) of the samples
was used to characterize the completion of the reac-
tion sequences. The calcination temperature used for
the large batches (~ 1 kg) was selected to be ~ 50°C
less than the point of maximum expansion of the discs
to allow for differences due to kinetics. The PZT and
ZTP powders were calcined at 725°C for 4h. As
stated, halves of the two batches were vibratory milled
subsequent to calcination to further enhance reactiv-
ity. The powders were again characterized for specific
surface area, particle size and agglomeration. For
comparison of particle size(s) and the degree of ag-
glomeration, scanning electron microscope (SEM)
photomicrographs of the powders were taken. Discs
were prepared using a 3 wt % PVA being pressed into
“a disc of 1.25 cm diameter at ~ 70 MPa. The green
densities of all the discs were in the range of 4.5 to
48 gem ™3 After binder burnout, the pellets were
' sintered at 850 to 1200 °C.in closed alumina crucibles
“for 1h. A PbO atmosphere was maintained using
- PbZrO, powder. The pellets were characterized for
geometric density and grain size as determined on
fractured surfaces by SEM.
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2.3. Dielectric and piezoelectric properties
Samples with densities greater than 90% theoretical
(Piheo ~ 8 gem ~3) were polished and electroded with
sputtered-on gold with air-dry silver applied to ensure
better contact during poling and electrical property
measurements. Discs were poled in a silicon oil bath at
120 °C with an applied field of 50 to 60 kVcem ™! for 3
to 10 min. Values of the piezoelectric constant, d,,
measured using a Berlincourt d;; meter, were checked
to ensure completion of poling.

The dielectric constant (K) and dissipation factor
(DF) (loss) of the ZTP and PZT samples were meas-
ured using a Hewlett-Packard (Model 4274A) LCR
meter. The piezoelectric. planar coupling coefficient
(k,) and mechanical quality factor, Q,, were deter-
mined using a Hewlett-Packard (Model 3577A) net-
work-analyser in reference to the IRE standard [16].
Values were measured 24 h after poling.

3. Results and discussion
The volume expansion/shrinkage curves as a function
of calcining temperature for P+ Z + T and ZT + P
mixtures are shown in Fig. 1. As presented, the PZT
mixture exhibited two volume expansions near 650
and 750 °C, whereas the ZTP, as anticipated, exhibited
only one near 800 °C. As previously reported [14], the
two expansion maxima observed for P+ Z + T re-
flect the formation of PT (~ 650 °C) and intermediate
PZT phase(s) (~ 750°C), respectively. The volume
expansions are reportedly believed to be due to a
molar volume increase of the reaction phase(s) in
contrast to the starting oxides. Naturally, the ex-
pansion behaviour is dependent on the forming pres-
sure, heating rate, etc. The sequence of XRD patterns
shown in Fig. 2a also confirms the formation of the
intermediate phases PT and PZT. Above 750 °C, the
completion of the perovskite PZT phase began to take
place, with the diffraction peak(s) becoming sharper
with increasing temperature. In the ZTP case (see
Fig. 2b) no reaction took place until ~ 750 °C, where
the formation of PZT began and completed at
~ 800°C as reflected by the strong diffraction peaks.
Simplified reaction sequences of the two types of
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Figure 1 Volumetric expansion/shrinkage characteristics for O

P+ Z+ T (PZT) and A ZT + P (ZTP) mixtures as a function of
temperature.



PZT mixtures can be summarized in the following:

P+ Z + T [PZT-AS]

P + ZT [ZTP-AS]

o,

~6
PbO + TiO, —— PbTiO,

~750°C
PbO + PbTiO, + ZrO,— Pb(Zr,Ti; _,)O; (intermediate PZT)

) > 750°C
PbTiO; + Pb(Zr,Ti, . )O;———PZT

. ~800°C
PbO + ZtTiO,——— PZT
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Figure 2 XRD patterns for (a) P + Z + T and (b) ZT + P formation processes.
TABLE I Component and reacted powder characteristics
Component powders Surface area Equivalent particle Median particle Average
(m2g™Y) size (um) size (pm)* Agglomeration
Number (50)
PbO 0.54 1.20 5.9 120
TiO, 8.40 0.17
Zr0, 214 0.05 0.9 5800
Reacted powders
(ZrTiO;)-precursor 12 1.00 35 43
PZT-AS 0.50 1.50 3.8 16
PZT-M 297 0.25 1.1 85
ZTP-AS 1.09 0.68 1.8 18
ZTP-M 2.70 0.27 0.8 26

*Micromeretic Sedigraph (model 5000).

Although the reported reaction sequence(s) for
P+ Z + T are more complex than presented, the
importance of the B-site precursor method in elimin-
ating intermediate reactions and associated morpho-
logical changes was apparent. This technique helps
prevent the possibility of problems associated with
unreacted ZrQ, and competing volume expansions
with densification during firing. The single calcines of
the PZT-AS and ZTP-AS at 725°C for 4 h, though
below the point of volume expansion(s) shown in Fig.
2, were found to be single-phase perovskite PZT. The
process by which powders are reacted at a point of
maximum volume expansion due to associated mor-
phological changes is hereafter designated as “reactive
calcination”.

The powder characteristics.of the milled and un-
milled reactively calcined PZT and ZTP powders are
reported in Table I. Also included are the powder
characteristics of the ZT precursor powder. As pre-

sented, the equivalent particle size as determined from
the surface area, was smaller for the ZTP powder,
though both were calcined at the same conditions.
Upon milling, a significant reduction in particle size
and corresponding increase in surface area was ob-
served with a slight increase in agglomeration. It is
interesting to note that the PZT-AS and ZTP-AS
powders milled to approximately the same particle
size, reflecting the limit of milling efficiency. SEM
analysis confirmed the calculated particle sizes and
degree of agglomeration.

Densities of the sintered discs as a function of firing
temperature (850 to 1200 °C) for the PZT and ZTP
materials are plotted in Fig. 3. Almost no increase in
density occurred below 900 °C for PZT-AS and milled
(PZT-M) powders, whereas densification (> 85%
theoretical) occurred as low as 850°C for ZTP. As
expected, milling increased the reactivity of the pow-
ders and subsequent densification. Densities > 90%
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TABLE 11 Dielectric and piezoelectric properties of PZT and ZTP

Firing Density Average K Dissipation Piezo dj, ky (%) Qn
temperature  (gem %) grain size (RT, L kHz)  Factor (x 10712 C/N)
0 (nm) (%)
Pb(Zro 53Tip4.)0s [11 > 1200 7.5 510 ~ 700 - ~ 200 45 -
PZT-AS 1000 6.3 2.0 - - - - -
1200 74 2.6 440 14 200 46 330
ZTP-AS 1000 7.8 2.1 890 1.6 180 25 240
1200 7.9 2.8 800 0.7 250 50 380
PZT-M 1000 73 0.9 560 1.5 170 29 210
1200 7.8 1.8 480 0.9 190 46 350
ZTP-M 1000 7.7 1.5 790 2.6 190 34 200
12007 7.8 24 740 1.7 250 49 270
T T T T T T T
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Figure 3 Sintering behaviour of milled and as-calcined PZT and
ZTP powders. [1, PZT-AS; B, PZT-M; A, ZTP-AS; A, ZTP-M.

theoretical were achieved for the ZTP-M material as
low as 950°C, whereas temperatures of 1000 and
1200 °C were required for the PZT-M and PZT-AS,
respectively. The average grain sizes for PZT and ZTP
samples fired at 1000 and 1200°C are reported in
Table 1L

Typical SEM photomicrographs of fractured (inter-
granular) surfaces of the sintered samples are shown in
Fig. 4. Grain sizes for PZT-AS and ZTP-AS samples
fired at 1000 °C were found to be ~ 2 pm, increasing
in size to ~ 3 um at the higher firing temperature.
Samples processed with the milled powders were
found to be somewhat smaller. Grain sizes in the
neighbourhood of ~ 1.5pum with a fired density
> 95% theoretical were obtained for the ZTP-M
material fired at only 1000 °C for 1 h.

In addition to physical characteristics, the dielectric
and piezoelectric properties of PZT-M and ZTP-M
ceramics fired at 1000 and 1200°C are reported in
Table II. For comparison, data for conventionally
prepared Pb(Zr, 53Tiy 47)05 from Jaffe et al. [1] are
reported. Okazaki and Nagata [17, 18] found that
both the dielectric and piezoelectric properties (K, d3,
k, etc) increase with density and grain size. This
behaviour was also observed where the lower density
and finer grain sized materials possessed lower values.
However, the largest deviations were found to occur
between the PZT and ZTP materials, regardless of
density or grain size. The PZT materials, whether
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Figure 4 SEM photomicrographs of ZTP-M samples fired at (a)
1000 and (b) 1200 °C, respectively (fracture surfaces).

originally milled or not, possessed significantly lower
dielectric constants and piezoelectric d,5 values. This
difference reflects inhomogeneity in the PZT material
in that the properties, such as the dielectric K, are very
dependent on the Zr:Ti ratio near the morphotropic
phase boundary. Also the piezoelectric properties d3;
and k, for the ZTP materials fired at 1000°C were
inferior to those fired at 1200°C, though possessing
similar densities and grain sizes. The lower values are
believed to be related to the crystallinity of the mater-
ials being less developed. The associated defects thus
result in a stiffening out of the extrinsic polarizability
(domain wall motion) [19]. As found for other perov-
skites [20] longer sintering times may anneal out
various crystalline defects resulting in less grain-size
dependency.



4. Conclusions

Using reagent-grade materials and conventional pro-
cessing techniques, fine-grain PZT ceramics were
fabricated based on reactive calcination. By reacting
the component powders (PbO, ZrO,, and TiO,) near
the point of maximum volume expansion, very fine
{< 0.3 um) and highly reactive powders were readily
made. Such powders could be densified at temper-
atures less than ~ 1000 °C. Being fully reacted, en-
hanced densification was simply due to the reactive
nature of fine powders and not due to a reactive
sintering process, as originally proposed. The reactive
calcination process was further enhanced by first pre-
reacting the B-site oxides (ZrO, and TiQ,) prior to
reaction with PbO. This step eliminated intermediate
phase reactions which hindered densification and re-
sulted in a more homogeneous material.

Highly dense piezoceramics with fine grain size
structure < 2 pm exhibiting dielectric and piezoelec-
tric properties comparable to conventionally prepared
large grain-size materials were obtained. However,
further investigations of the mechanisms and morpho-
logical changes which take place during calcination
are still required. The role of grain size and associated
dependency of the dielectric and piezoelectric proper-
ties also needs to be addressed.
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