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Dense Pb(Zr, Ti)Os(PZT)/Al,O; nanocomposites were prepared by the 28 GHz microwave heating method and con-
ventional electric furnace sintering. Electrical and mechanical properties of the composites were investigated. The
fracture strength of the PZT composites with 0.1 vol% AlLO, was significantly improved in both sintering methods.
Smaller grain size and effective reinforcement of the PZT matrix by the second phase were considered to be respon-
sible for the excellent fracture strength. Planar electromechanical coupling factor Kp of the composites sintered by
28 GHz microwave heating was higher than that of the materical prepared by the conventional route. It seemed
that the control of the reaction between PZT and ALO; by the microwave rapid sintering resulted in the high

piezoelectric properties.
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1. Introduction

icrowave-aided sintering of ceramic materials has

been studied by many researchers.'* A lot of benefits
of the microwave sintering are reported, e.g. low temper-
ature and short time sintering, rapid heating rates for
processes, and fine or bimodal microstructures, Another
feature of the method is that it produces a selective heat-
ing effect due to the difference in dielectric loss factor
between the matrix and second phase.

Lead zirconate titanate (PZT) and its related materials
are widely used as actuators and resonators because of
their excellent piezoelectric properties. However,
piezoelectric ceramics based on PZT have low reliability
and poor mechanicl properties, such as, fracture toughness
and strength. Therefore, the improvement of the mechani-
cal properties for PZT ceramics is strongly required.
Recently, a novel method has been developed to improve
the mechanicl property of structural and electronic
ceramics. It involves reinforcement by a nano-scale par-
ticles ‘nanocomposites’.®® Good mechanical properties
can be expected in PZT ceramics reinforced by nano par-
ticles. In the present study, Al,O,, which has lower dielec-
tric loss factor and higher Young's modulus than PZT,
was selected as the second phase for the improvement of
mechanical properties. Furthermore, by microwave heat-
ing, with the selective heating or rapid sintering, and by
minimizing the second phase additive content, it could
be expected that the control of the reaction between PZT
and Al,O; would prevent the decreasing the electrical pro-
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perties of PZT/Al,0, nanocomposites.

The purpose of this study was to fabricate PZT/ALO,
nanocomposites by the microwave and conventional pro-
cessing, and to investigate the effect of the second phase
and microwave processing on the electrical and mechan-
ical properties for the PZT/AL,Q, nanocomposites.

II. Experimental Procedure

As a starting PZT powder, Pb(ZrosTio )0 (Sakai Chemi-
cal Industry Co. Ltd., PZT5248) composition which shows
the highest electric properties in the PbZrO;-PbTiO; solid-
solution systems was selected. This PZT powder was
fabricated by a hydrothermal synthesis, and its average
particle size is 0.3 um. PZT and High purity (>99.9%) ALO,
(TMDA-R, Taimei Chemical Co. Ltd., Japan) powder (0.1,
0.5, 1.0 vol%) were wet-milled in a polyethylene pot
using isopropyl alechol and ZrO, balls for 24 h. Mixed
slurries were dried with a rotary evaporator. Green
pellets were molded by uniaxial pressing at 5 MPa and
followed by cold isostatic pressing (CIP) at 200 MPa. The
dimensions of green pellets were 17 mm in diameter and
2.5 mm in thickness. Microwave sintering was carried
out by 28 GHz power generated by a Gyrotron oscillator.
Green pellets were placed on a zirconia plate in the 99.5
% high purity alumina crucible; alumina fiber board was
used for thermal insulation (Fig. 1). The sintering profile
was 5 mm holding time at 1200°C with 50°C/min heating
rate. The temperature during sintering was measured
using a Pt sheathed K-type thermocouple. For comparison,
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Fig. 1. Sample case of PZT composites for microwave sin-
tering.

samples were fired by the electrical furnace under a PbO
controlled atmosphere in the same alumina crucible. The
sintering profile was 1200°C and 2 hours holding time
with 5°C/min heating rate.

The sintered bodies were ground and polished to a
thickness of 1.7 mm by a 400-grit resin-bond diamond
wheel and 9, 3 and 0.5 yum diamond pastes. For electric
property measurement, Ag-paste was printed on both
sides of the disk, and then fired at 600°C for 10 min. The
poling treatment was carried out in silicon oil at 120°C
for 30 min with an electric field of 2 kV/mm.

Bulk density was determined by the Archimedes
method in water, and then relative density was calculated
by using the theoretical density. Fracture strength was
measured by the piston-on-ring biaxial flexure test.””
Hardness and fracture toughness were measured by the
indentation fracture method and calculated using the
equation proposed by Niihara et al.'® Young's modulus
was measured by the pulse echo method. Fracture sur-
faces and microstructures were observed with a scanning
electron microscope (SEM). The dielectric constant (er) at
1 kHz and the frequency characteristics were measured
by an impedance analyzer (HP4194A). The planar electro-
mechanical coupling factor Kp was calculated as de-

Table 1. Characterisitic and Properties for PZT/AL;O; Composites
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seribed in literature.™
III. Results and Discussion

The relative density of PZT composites prepared by 28
GHz microwave heating and conventional sintering is
shown as a function of Al;O; content in Table 1. Although
relatively short sintering times were used, the relative
densities of the monolithic PZT prepared by the micro-
wave sintering were much higher than those prepared
by conventional sintering. However, with the addition of
0.1 vol% AlLO,, the relative density of conventional sinter-
ing was slightly increased and on the other hand, that of
microwave sintering was decreased drastically. Further-
more, the relative densities of PZT composites were of
almost similar values in the same composition regardless
of sintering methods.

The average grain size calculated by the intercept
method using SEM photographs is alse given in Table 1.
The addition of Al,O; resulted in a reduction of the av-
erage grain size of the composites in both cases. This
behavior suggests that the microwave processing can pro-
mote the sintering of PZT, however, the addition of Al,O;
inhibited the grain growth of PZT strongly. It is con-
sidered that the lead aluminate created by the reaction
between Al,O; and PZT during sintering hinders the
matrix grain growth. In addition, the incorporation of Al**
ions into the PZT lattice effectively modifies the surface
energy of PZT and as a consequence, homogeneous grain
structure with a fine grain size was realized in the nano-
composites.

Fracture strength measured by a biaxial flexure test,
hardness and fracture toughness, measured by indenta-
tion fracture (I.F.) method, are shown in Fig. 2 and 3. In
both sintering conditions, the strength of the monolithic
PZT was 70~80 MPa. The strength of the nanocomposites
increased with increasing AlLQO; content. The nanocom-
posite with 0.5 vol% ALO,; shows a maximum strength
value, (110~120 MPa). Furthermore, the hardness of the
composites was significantly improved by 0.1 vol% AlLO,
addition in both sintering methods. Fracture toughness
of the composites was almost the same or slightly de-
creased with the addition of AlL,O;.

In order to analyze improvement of the strength, the

AlL,O, Sintering Relative Mean Grain Unpoled Poled Kp
Content (vol%) Method Density (%) Size (um) Dielectric Constant* Dielectric Constant* (%)
0 Microwave 100.0 45 1152 1411 48.6

0.1 Microwave 97.8 49 1037 1120 46.2

0.5 Microwave 97.2 15 1024 971 376

1.0 Microwave 97.8 1.2 831 781 39.8

0 Conventional 97.2 7.6 1128 1379 414

0.1 Conventional 97.6 24 1093 1078 20.0

0.5 Conventional 97.7 1.1 1093 1045 12.2

1.0 Conventional 97.0 0.9 1029 1028 10.1

*Measurement at 1 kHz.
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Fig. 2. The fracture strength of PZT/AL,O, composites.

microstructure of sintered bodies was observed by SEM.
SEM images of the fracture surfaces for monolithic PZT
and 0.5 vol% Al,QO, added composites sintered by micro-
wave and commercial sintering are shown in Fig. 4. The
fracture mode was completely intergranular in monelithic
PZT, whereas, it changed from intergranular to intra
and intergranular with ALOQO; addition. These micro-
structural observations suggest that the PZT grain bound-
ary was reinforced by the small quantity of AlLQ,
addition. It is considered that this grain boundary rein-
forcement and grain size reduction improved the fracture

(c) Microwave Heating Monolithic PZT

A1203 Contents(vol%)

Fig. 3. The hardness and fracture toughness of PZT/AlLO;
composites.

strength and hardness of the composites. A little degrada-
tion of fracture toughness of composites is considered to
result in the decrease of crack deflection effect due to the
intragranular fracture. From the further microstructure
observation by SEM, the second phase were homo-
geneously dispersed in the PZT matrix. The grain size of
the dispersed phase was estimated to be 100~500 nm.
As mentioned previously, small quantity of the dispersed
particles is enough to prevent grain growth and to
effectively reinforce PZT matrix.

The relative dielectric constant before and after poling

) . B 10pm
{b) Conventional Heating PZT/0.5v0i%AL0,

(d) Microwave Heating PZT/0.5vol%AL0,

Fig. 4. SEM photographs showing the microstructure change of PZT composites by Al,O, addition.
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Fig. 5. Effct of the second phase dispersoids on the Young's
modulus of PZT/ALQ; composites.

treatment and Kp of the composites were given in Table
1. The dielectric constant of the poled PZT/Al,O; com-
posites decreased with increasing second phase content.
However, a very small change of the dielectric constant
with Al,O, content was found for the unpoled materials.
This phenomenon suggests that the intergranular second
phases prevent domain switching. Since the contribution
by domain switching to the dielectric constant was
decreased in the composites, the dielectric constant of
the composites after poling decreased with Al;O, content.
Kp of the composites was also decreased by Al,O, addi-
tion in both sintering methods.

Another feature that is observed in Table 1 is that the
sintering method causes a different dielectric behavior in
the composites. The Kp degradation with Al,O; content
in the composites prepared by microwave sintering was
a small in comparison o conventional sintering. It would
be considered that extremely rapid sintering, which is
one of the characteristics of the microwave sintering can
control the reaction between the PZT matrix and ALQG,.
From the result of Young's modulus measurement, as
shown in Fig. 5, the Young's modulus of the composites
sintered by microwave heating was higher than that by
conventional one in the same compositions. It is sug-
gested that the effect of the matrix reinforcement by the
dispersoids is much greater in microwave-sintered com-
posites than conventional processing due to the con-
trolled reaction between the matrix and dispersoids.

IV. Conclusion

High strength PZT nanocomposites with 0.1~1.0 vol%
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ALLO, were successfully prepared by 28 GHz microwave
heating or conventional heating methods. The fracture
strength of 0.5 vol% AlL;O; added PZT nanocomposites
was about two times higher than monolithic PZT. Al,O;
had a significant influence on the microstructure de-
velopment of PZT ceramics in both sintering methods.
The composites prepared by microwave sintering show
higher Kp than that for conventional heating. It was
found that microwave sintering might control the reac-
tion of AL, O; with PZT.

Acknowledgments

This work was promoted by AIST, MITI, Japan as
part of the Synergy Ceramics Project under the In-
dustrial Science and Technology Frontier (ISTF) Pro-
gram. Under this program, part of the work has been
supported by NEDO. The authors are members of the
Joint Research Consortium of Synergy Ceramics.

References

1. W. H. Sutton, "Microwave Processing of Ceramic Ma-
terials,” Am. Ceram. Soc. Bull., 88, 376-86 (1989).

2. H. D. Kimrey, J. Kiggans, M. A. Janney and R. L. Beatty,
“Microwave Sintering of Zirconia Toughened Alumina
Composites, Material Society Symposium Proceedings,
189, 243-255 (1991).

3. 4. D. Katz, “Microwave Sintering of Ceramics,’” Annu.
Rev. Mater. Sci., 22, 153-170 (1992).

4. T. Saji, “Microwave Sintering of Large Products,” Mater.
Res. Soc. Sympo. Proc., 430, 15-20 (1996).

5. K. Niihara, "New Design Concept of Structual Ceramics-
Ceramics Nanocomposites,” JJ. Ceram. Soc. of Japan, 99,
974-982 (1990).

6. A. Nakahira, T. Sekino, Y. Suzuki and K. Niihara, “High-
Temperature Creep and Deformation Behavior of ALO,/
SiC Nanocomposites,” Ann. Chim. Sci. Mater., 18[5,-6),
403-408 (1993).

7. ASTM Standard F393-78.

8. R. Morena, K. Niihara and D. P. H. Hasselman, “Effect
of Crystallites on Surface Damage and Fracture Behavior
of a Glass-Ceramics,” J. Am. Ceram. Soc., 68, 673-682
(1983).

9. A. Okada, H. Kawamoto and H. Usami, “Micro-Strength
Evaluation of Alumina Using Biaxial Flexure Technique,’
Ceramic Engineering & Science Proceedings, 18, 183-190
(1997).

10. K& Niihara, R. Morena and D. P. H. Hasselman,
“Evaluation of KIC of Brittle Solids by the Indentation
Method with Low Crack-to-Indent Ratios,” J. Mater. Sci.
Lett., 1(1), 13-16 (1982).

11. IEEE Standard, 176 (1978).



