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ABSTRACT

Pb(Zr, Ti)O3(PZT)-based piezoelectric ceramics and Al2O3-based structural

ceramics were cast and co-fired to prepare a layered piezoelectric ceramic/

structural ceramic composite. Considering the significant differences in sinter-

ing characteristics of PZT- and Al2O3-based ceramics, control of the sintering

temperature and the dependence of the linear shrinkage on the solid content of

the tape-casting films were systematically conducted at first. The sintering

density and the interface bonding properties of the prepared composites were

then investigated. The results of electrical and mechanical properties of the

composite ceramics indicate: By using sintering aids, Al2O3 ceramic could be

fully densified and co-fired with PZT ceramic at 1150 �C. Shrinkage matching

during sintering was achieved by adjusting the solid contents to 45 vol.% and 65

vol.% for PZT and alumina tape-casting films. In the layered composites, Al2O3

structural ceramic presents an excellent mechanical property with HV hardness

of 667, while the PZT functional ceramic presents d33, er and tand of 259 pC/N,

965 and 0.37%, respectively.

Introduction

With the rapid development of miniaturization,

integration and multifunctionalization of ceramic-

based functional devices, it is difficult for ceramic

materials with a single function to satisfy the

performance requirements. Multifunctional compos-

ite ceramic is then becoming more and more inter-

esting and attractive. Up to now, the composite

integrating various functional ceramics and the

composite including various structural ceramics have

been realized. For example, Ryu et al. [1] obtained a
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composite of two kinds of functional ceramics and

fabricated a layered magnetostrictive/piezoelectric

composite ceramic by using colloidal bonding

method, which exhibited both piezoelectric and

magnetostrictive effects. Vincenzo et al. [2] reported

the composite composed of Al2O3/ZrO2 ceramic

layers by using tape-casting method. However, it is

still very challenging to realize the composite of

structural and functional ceramics due to the differ-

ences in sintering characteristics, which has attracted

much attentions in recent years [3].

Layered construction is commonly used in multi-

functional ceramic composites. For example, the

layered structure can improve the fracture toughness

and thermal shock resistance of ceramic materials

while maintaining robust intensity [4, 5]. The layered

composites usually include these categories: (a) ce-

ramic-based composites [6], (b) ceramic–metal com-

posite materials [7] and (c) ceramic–polymer

composite materials [8]. Akedo et al. prepared Pb(Zr,

Ti)O3 (PZT)-based piezoelectric ceramic thick films

up to 180 lm on Si, Al2O3 and glass substrates by

using a supersonic aerosol deposition method. These

PZT thick-film composites are potential in applica-

tions of piezoelectric actuating, sensing and trans-

ducing devices [9–11]. However, the aerosol

deposition facility is expensive and the process is

largely powder-consuming. Tape-casting and co-fir-

ing technology is widely used in layered composites

and devices such as multilayer ceramic capacitors

with ceramic layer as thinner as several micrometers.

To realize the compatible co-fired composite ceramics

consisting of different component layers, it is neces-

sary to control the compositions so that the structural

ceramic layer and functional ceramic layer have

similar sintering temperature. In addition, due to the

mismatch of sintering characteristics, the co-fired

multilayer functional ceramic will lead to lamination,

cracking, warping and other defects in the layered

samples after sintering, which are the key obstacles

urgently needed to be solved for layered composite

ceramic [12]. Differences in sintering shrinkage rate

[13], densification rate [14] and thermal expansion

rate [15] for different layer components are the main

reasons to result in the mismatch during co-fired

process. Hence, control of other casting and sintering

parameters such as the solid content and debinding is

also very critical for the preparation of the composite

ceramics.

In this research, a piezoelectric/structural layered

composite ceramic was fabricated by a tape-casting

method. In the composite ceramics, the quaternary

piezoelectric ceramic system 0.90Pb(Zr0.48Ti0.52)O3 -

0.05Pb(Mn1/3Sb2/3)O3 - 0.05Pb(Zn1/3Nb2/3)O3

(0.90PZT - 0.05PMS - 0.05PZN) was selected as the

functional piezoelectric ceramic, and Al2O3-based

ceramic was selected as the structural ceramic.

Although the sintering temperature of pure Al2O3

ceramic is up to 1650 �C, which is much higher than

that of the piezoelectric ceramic component, we

realized the reduction of the sintering temperature

for Al2O3 by adding a certain amount of sintering

aids (Bi2O3, SiO2 and B2O3). Moreover, excellent

electrical and mechanical properties can be obtained

in this functional and structural integrated composite

ceramics by controlling the solid content, debinding

and sintering process.

Experimental materials and methods

The starting materials selected for PZT-based piezo-

electric ceramic were PbO (99.9%, 0.5 lm, q = 9.53

g/cm3), ZrO2 (99.99%, 100 nm, q = 5.89 g/cm3), TiO2

(99%, 100 nm, q = 3.90 g/cm3), MnO2 (99.99%, 0.5

lm, q = 5.02 g/cm3), Sb2O3 (99.99%, 100 nm q = 5.20

g/cm3), ZnO (99.99%, 100 nm, q = 5.606 g/cm3) and

Nb2O5 powder (99.99%, 30 nm, q = 4.47 g/cm3). The

main raw materials selected for Al2O3-based struc-

tural ceramic were Al2O3 (a-Al2O3, 99.99%, 30 nm,

q = 3.968 g/cm3), Bi2O3 (99.9%, 0.5 lm, q = 8.90

g/cm3), SiO2 (99.99%, 2 lm, q = 2.60 g/cm3) and

B2O3 (99.9%, 2 lm, q = 2.46 g/cm3), and all of the

reagents were purchased from Aladdin. The built-in

electrodes were selected as EL44 - 040 Ag/Pd (70/

30) electrodes.

The formula of piezoelectric ceramic was

0.90Pb(Zr0.48Ti0.52)O3 - 0.05Pb(Mn1/3Sb2/3)O3 - 0.05

Pb(Zn1/3Nb2/3)O3. The raw materials (PbO, ZrO2,

TiO2, MnO2, Sb2O3, ZnO and Nb2O5) were accurately

weighed and ball-milled for 12 h in ethanol medium,

and 0.90PZT - 0.05PMS - 0.05PZN ceramic powder

was synthesized at 850 �C by the conventional solid-

state reaction method. The evenly mixed piezoelectric

ceramic powder was dispersed for 4 h in an anhy-

drous ethanol/butanone mixture solution with corn

oil as the dispersant. Then, a binder (polyvinyl

butyral) and a plasticizer (dibutyl phthalate) were

added for the second grinding (8 h) to make the
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powder particles uniformly coated by the organics,

forming a stable and well-flowing slurry. Finally, the

slurry is vacuumized to an appropriate viscosity. A

dense, smooth and flexible green tape was formed by

tape-casting the slurry.

Bi2O3, SiO2 and B2O3 are used as the sintering

additives to reduce the sintering temperature of alu-

mina [16, 17]. The optimal mass ratio of Al2O3, Bi2O3,

SiO2 and B2O3 was confirmed as 6:2:1:1. The mixtures

were ground for 12 h and then dried and sifted to

obtain well-mixed powders. The preparation process

of alumina green tape is similar to that of the PZT-

based piezoelectric ceramic.

The dried green tapes were cut into disks with a

diameter of 13 mm, and laminated (20 layers each),

and the cast flakes with built-in electrodes were

placed between the PZT green sheet and the alumina

green sheet. The samples were placed into a die,

stacked neatly for hot pressing at 70 �C and 15 MPa,

and the pressure was maintained for 60 min. Then,

pressed multilayers were sintered to obtain the

composite ceramics according to the preset heating

curves.

The radial shrinkage ratio Rs of the sample was

calculated according to the formula:

Rs ¼ ðd0 � dÞ=d0 � 100% ð1Þ

where d0 is the diameter of the green tape before

firing; d is the diameter of the sintered sample.

Scanning electron microscope (SEM; Quanta 200, FEI)

was used to observe the interface microstructure of

the composite ceramic. For PZT layer polarizing and

electric measuring of the composite ceramics, the

inner electrode is extended out to the surface through

a pin hole in alumina layer. Ferroelectric tester

(multiferroic 100, Radiant Technologies) was adopted

to test the ferroelectric properties. Quasi-static d33
tester (ZJ-3A, Institute of Acoustics of The Chinese

Academy of Sciences) was used to measure the

piezoelectric coefficient of the samples. The relative

dielectric constant er and dielectric loss tand were

analyzed by impedance analyzer (HP4294A, Agilent).

The Vickers hardness test was conducted on the

instrument of HVS-50 (Ningbo KECHENG Instru-

ment Co., Ltd.).

Results and discussion

The solid contents of cast slurries are critical to the

formation of continuous and dense tape-casting films

as well as the linear shrinkage matching between PZT

and alumina layers. According to the laws of fluid

rheology, the distance between the solid particles

gradually decreases with the increase in the solid

content of the slurry, which accords with the Wood-

cock relationship [18]:

frachd ¼ 1

3p/
þ 5

6

� �1=2
� 1 ð2Þ

where h is the distance between solid particles, d is

the grain diameter, and U is the solid content. Based

on the above equation, with the increase in solid

content, the distance between the particles decreases

and the organic binder is benefited to form a network

structure among the ceramic particles. However, the

particles in the slurry may form a continuous state

and lose their fluidity once the solid content is over a

certain value. Hence, in the case of over high solid

content, the cast slurry is hard to form a continuous

tape-casting film or the film cannot reach its required

strength [19]. On the other hand, the ceramic will

leave more holes after sintering and reduce the den-

sity if the solid content of the slurry is too low.

Figure 1 shows the linear shrinkage ratio of the

green tapes with different solid contents of PZT- and

Al2O3-based ceramics after sintered at 1150 �C for 4 h.

For both ceramics, a nearly linear decreasing

shrinkage can be seen with the increase in solid

content. Furthermore, PZT-based ceramic presents a

Figure 1 Linear shrinkage of sintered PZT- and Al2O3-based

ceramics with different solid contents.
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smaller shrinkage at the same solid content. At solid

content of 45 vol.%, PZT shrinkage rate is 13.23%,

while the solid content of alumina is 65% vol.%, and

its shrinkage rate is 13.37%. Therefore, by adjusting

the solid content, the shrinkage of the two ceramic

components can be effectively matched so that the

warpage and deformation caused by shrinkage mis-

match in the sintering process can be avoided.

To confirm the temperature dependence of

shrinkage and to optimize the sintering temperature,

piezoelectric sample with starting solid content of 45

vol.% and alumina sample with starting solid content

of 65 vol.% were compared by sintering the ceramics

for 4 h in temperature range of 1050 * 1200 �C. The
observed results of radial shrinkage of piezoelectric

ceramic and alumina ceramic samples are shown in

Fig. 2. It can be seen that the radial shrinkage of both

ceramics increases monotonically with the increase in

sintering temperature, indicating an improved den-

sification due to gradual growth of grain and reduc-

tion in the closed pores around the grain boundaries

[20]. The variation range of the radial shrinkage rate

of the piezoelectric ceramic is 9.57% * 15.03%, while

the variation range of the radial shrinkage rate of the

alumina ceramic is 7.65% * 16.96% during sintering

temperatures of 1050 * 1200 �C. The radial shrink-

age difference between the two ceramics is only

0.51% at sintering temperature of 1150 �C. In addi-

tion, the piezoelectric ceramic and the structural

Al2O3-based ceramic can reach high density at this

sintering temperature. It also needs to mention that

the observed higher shrinkage of Al2O3-based cera-

mic at higher sintering temperature is mainly from

the loss of the low melting additives and the densi-

fication could not be further improved. Hence, the

optimal co-sintering temperature was set at 1150 �C
for the ceramic composites.

The density and grain morphology of the ceramic

directly affect the electrical and mechanical proper-

ties of ceramic composites. Figure 3 shows the SEM

images of the piezoelectric layer of the ceramic

composites at different sintering temperatures. As

can be seen in Fig. 3a, when the co-fired temperature

is 1050 �C, the piezoelectric layer shows small grain

size and obvious pores. With the increase in sintering

temperature, the grains of piezoceramic layer grow

up evenly as well as the porosity decreases obviously.

When the temperature rises to 1150 �C, as shown in

Fig. 3c, the piezoceramic layer reaches a dense state

with almost uniform grain sizes around 2 * 3 lm
and much clearer grain boundaries. When the sin-

tering temperature is up to 1200 �C, abnormal grain

growth can be seen in the microstructure in Fig. 3d,

resulting in uneven grain sizes and correspondingly

poor electrical properties of the piezoceramic layer.

The interfacial microstructures between different

components are critical to the comprehensive prop-

erties of the ceramic composites. Figure 4 shows the

cross sections of SEM micromorphologies of the

composite ceramics sintered for 4 h at temperatures

of 1050 * 1200 �C, in which the upper layer is

piezoceramic layer, and the bottom layer is alumina

ceramic layer. The middle layer with thickness of

5 * 6 lm is the built-in inner electrode layer, which

is indispensable to the measurement and utilization

of the piezoelectric response of the piezoceramic

layer. The cross-sectional SEM images illustrate that

interface microstructures are also closely dependent

on the sintering temperature. As shown in Fig. 4c, the

piezoelectric layer reaches the state of densification at

sintering temperature of 1150 �C, which is consistent

with the observation in Fig. 3. Meanwhile, it displays

sharp and clear interfaces between PZT-based

piezoceramic/Ag - Pd inner electrode/Al2O3 cera-

mic layer in the composites. No obvious interface

reactions are observed between these different layers,

indicating the piezoelectric component, the inner

electrode component and the alumina component

have excellent co-sintering compatibility. On the

other hand, the bottom Al2O3 layer also presents a

dense microstructure at sintering temperature of 1150

�C, verifying that Bi2O3, SiO2 and B2O3 additives

effectively decreased the sintering temperature of
Figure 2 Radial shrinkage of piezoelectric ceramic and alumina

ceramic sintered at different temperatures for 4 h.
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Al2O3 to assist a full densification [18]. When the

sintering temperature is up to 1200 �C, as shown in

Fig. 4d, the piezoelectric and alumina layers remain

in a densification state. However, the diffusion of

Ag - Pd inner electrode layer is more serious and

leads to a blurred interface boundary and an

extension in interface dimension. Cavities and even

fractures occur that could be induced in the inner

electrode because of interface diffusion [19, 20].

Therefore, in order to achieve the co-fired prepara-

tion of the layered ceramic composites, control of the

Figure 3 SEM images of

composite ceramic

piezoelectric layer: a 1050 �C,
b 1100 �C, c 1150 �C and

d 1200 �C.

Figure 4 SEM images of a

cross section of a composite

ceramic: a 1050 �C, b 1100

�C, c 1150 �C and d 1200 �C.
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compositions of every single layer and control of the

sintering temperature are extremely prerequisite.

The sintering temperature is decisive to the

microstructures and interface diffusions. Hence, it

also effectively impacts on the electrical properties of

composite materials. Figure 5 shows the dielectric

coefficient er and dielectric loss tand of the piezoce-

ramic layer in PZT/Al2O3 composites sintered at

different temperatures. The curves present that er of
the piezoceramic layer increases first and then

decreases with the increase in sintering temperature,

while tand decreases first and then increases. Higher

densification and larger grain with uniform size will

be beneficial to the dielectric properties of the

piezoelectric ceramic [21]. At sintering temperature of

1150 �C, optimal dielectric properties with maximum

dielectric constant of 965 and minimum dielectric loss

of 0.37% were obtained in the piezoceramic layer. It is

understandable that the piezoceramic layer displays

dense microstructure as well as tightly and evenly

arranged grains at this sintering temperature, as

discussed in Fig. 3c. When the sintering temperature

is higher than 1150 �C, decrease in dielectric constant

and increase in dielectric loss were observed from the

piezoceramic layer. Except the abnormal grain

growth shown in Fig. 3d, interface diffusion and

doping effects such as the immigrated Bi3? into PZT-

based piezoelectric layer are also responsible for the

degradation in dielectric properties [22]. EDS analysis

confirmed that PZT layer of the composite ceramic

incorporated nearly 10 atm% Bi3? ions because of the

interface diffusion when sintering at 1200 �C.
Figure 6 shows the piezoelectric coefficient d33,

electromechanical coupling factor kp and mechanical

quality factor Qm of the piezoceramic layer in PZT/

Al2O3 composites prepared at different sintering

temperatures. According to the figure, with the

increase in sintering temperature, d33 and kp of the

piezoelectric layer first increase and then decrease.

When the sintering temperature is 1150 �C, d33 and kp
are 259 pC/N and 0.55, respectively. This tendency in

piezoelectric properties is similar to the dependence

of the dielectric properties on the sintering tempera-

ture. The optimal piezoelectric properties are also

attributed to the optimized microstructures, crystal

structures and composition control in suitable sinter-

ing temperature. On the other hand, the sintering

defects, lattice distortions, oxygen vacancies and

space charges induced by doping effects and grain

boundaries will pin the domain wall and restrict the

movement of the domain wall, making domains dif-

ficult to orientation, leading to enhancement in Qm

and reduction in the piezoelectric coefficient [23, 24].

Hence, it is usual that Qm shows opposite tendency

with that of d33 and kp in piezoelectric materials.

Table 1 shows the hardness values of the Al2O3

structural layer in the ceramic composites sintered at

different temperatures. At sintering temperature of

1050 �C, the hardness of the alumina layer is 615 HV.

With the increase in sintering temperature, the

hardness of the alumina layer increases gradually.

The improved hardness with the rising of sintering

temperature is mainly attributed to the promotion in

densification of alumina layer [25]. The hardness of

the alumina layer is up to 667 HV at sintering

Figure 5 The er and tand of piezoceramic layer in composites

sintered at different temperatures.

Figure 6 The d33, Qm and kp of composite ceramic piezoelectric

layer with sintering temperatures.

Table 1 Hardness values of composite ceramic alumina layers

Co-firing temperature (�C) 1050 1100 1150 1200

Hardness (HV) 615 640 667 680
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temperature of 1150 �C. For the layered functional/

structural composites, this mechanical property is

satisfied for many application occasions, e.g., the full-

ceramic piezoelectric actuators.

Conclusions

In conclusion, the sintering temperature of Al2O3-

based structural ceramic was effectively reduced by

adding sintering aids in Al2O3 powder. Then, the

mismatching in sintering shrinkage of the different

components in ceramic composites was solved by

adjusting the solid content and co-fired temperature

of the cast slurry. At last, layered piezoelectric/

structural ceramic composites with excellent interface

bonding and high density were successfully obtained

by co-fired preparation at 1150 �C sintering temper-

ature. The dielectric constant and dielectric loss of the

piezoelectric layer are 965 and 0.37%, respectively,

and the piezoelectric constant is 259 pC/N. More-

over, the structural layer of the layered ceramic

composites presents good mechanical property with

hardness of 667 HV. The developed piezoelectric/

structural ceramic composites could be beneficial to

the utilization in the full-ceramic devices.
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