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Abstract Ag—ceramic composite materials were investigat-
ed as low-cost internal electrodes for low firing piezoelec-
tric multilayer ceramic actuators (MLCA). Ag—ceramic
pastes were prepared by adding Pb(Mg;,3Nb,/;3)O03;—Pb
(Zrg 475,Tig 505)03 (PMNZT) ceramic powders to a com-
mercial Ag paste in the range of 0 to 50 wt.%. PMNZT/
Ag-PMNZT multilayered laminates were fabricated using
tape casting and subsequently cofired at 925°C for 10 h.
The addition of PMNZT into Ag electrode decreased the
thermal shrinkage mismatch between the composite layers,
which led to improve mass producibility of MLCA through
reducing delamination probability during cofiring process.

Keywords Piezoelectric ceramics - Multilayer actuator -
Internal electrode - Low firing

1 Introduction

Piezoelectric and electrostrictive materials for actuators are
widely used in applications requiring precision displace-
ment control or high generative force, i.e. optical stage,
precision mechatronics, and semiconductor devices [1, 2].
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In particular, multilayer ceramic actuators(hereafter,
MLCA) have been extensively explored because their
assets are a rapid operation, a low power consumption, a
high precision control and little noise [3, 4], compared with
conventional electromagnetic actuators. However, the reli-
ability of MLCA has been of main concern because of
process induced defects and their propagation caused by
fatigue phenomena during service.

It is generally considered that delamination between the
internal electrode and the ceramic and/or microcracks at the
interface during processing would act as nuclei for crack
propagation. The delamination is mainly due to inadequate
adhesion of the internal electrode and piezoelectric ceramic
layer, catalytic reaction of electrode metals with organic
additives during burnout and cofiring densification mis-
match [5, 6]. Also, the mismatch of thermal contraction
properties easily leads to the development of microcracks at
the interfaces or internal stresses during cooling and
soldering. Generally speaking, these microcracks and
interfacial defects are mainly responsible for the fatigue
and degradation of MLCA [7, 8].

Currently most MLCA adopt expensive AgPd alloys as
internal electrodes because they are stable between piezoelec-
tric ceramic layers throughout high temperature sintering
process. Therefore there is ample necessity to explore
inexpensive conducting materials as an internal electrode for
low cost and low firing MLCA [9]. Low temperature sintering
has been attempted using a wide variety of methods: sol-gel
method [10], hot-pressing in oxygen [11], fine powders
prepared by high energy ball-milling [12], and low melting
sintering aids such as LiBiO,, Li,COj3, and so on [13, 14].
Ternary Pb(Mg;,3Nb,3)O3—Pb(Zr,Ti)O; (abbreviated as
PMNZT) ceramics exhibit high piezoelectric constants near
the morphotropic phase boundary. Our previous researches
demonstrated that Li,O added PMNZT ceramics show good
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Fig. 1 (a) Cross-section and (b) dimension of MLCA

piezoelectric characteristics after firing at temperature as low
as 950°C [15], which is lower than the melting point of Ag
(961°C). In the present study, we investigated Ag—PMNZT
ceramic composite materials as internal electrodes for low
firing piezoelectric multilayer actuators. This paper reports
the electrical and thermal properties of Ag—PMNZT compo-
sites as well as the piezoelectric properties of PMNZT/Ag—
PMNZT multilayer actuators.

2 Experiments

Ceramic powders with a composition of 0.2Pb(Mg;,3Nb,,3)
03-0.8Pb(Zrg 475, Ti0.505)O03 were synthesized using the
columbite precursor method that consists of two-stage
calcination processes. In the first step, a mixture of MgO,
Nb,Os, ZrO, and TiO, powders were properly weighed and
ball-milled with zirconia balls and deionized water for 24 h.
The mixed powders were dried and then calcined at 1100°C
for 4 h to form a columbite phase of MgNb,(Zr,Ti)Og. In
the second step, a stoichiometric amount of PbO was added
and mixed with calcined powders by ball-milling for 24 h
again. After drying, it was re-calcined at 900°C for 2 h.
Before milling the calcined powders, 0.1 wt.% Li,CO3 was
added as a sintering aid.

Ag—ceramic composite pastes were prepared by mixing
the PMNZT powders in a commercially available Ag
electrode paste (SJA-73-731, Sung Jee Tech, Korea) with
a solid content of 85 vol.%. In this study, the concentration
of PMNZT powder in the composite paste was varied from
0 to 50 wt.%. For microstructure analysis, Ag—ceramic
pellets were also prepared using conventional dry pressing
after drying solvents in a oven.

PMNZT/Ag-PMNZT MLCA with a configuration
shown in Fig. 1 were fabricated in this work. Piezoelectric
ceramic sheets were obtained by tape casting ceramic slurry
containing a mixture of PMNZT powders, organic binders,
a plasticizer and solvents. The green sheets were cut into
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10x10 cm? using a knife cutting machine. The Ag—ceramic
paste was screen-printed on the ceramic sheet, and then
laminated with 40-layers of PMNZT sheets. After soaking
at 500°C for 6 h in air for removing the organic additives
contained in the green sheets, the laminated composites
were cofired at 925°C for 10 h in air.

The microstructure and crystal structure of Ag—ceramic
were observed using an optical microscope equipped with
an image analyzer (Olympus PMG3, Japan) and an X-ray
diffractometer (Rigaku RAD-3C, Japan). The electrical
conductivity of Ag—ceramic composites was characterized
using four-point probe method after screen printing Ag—
ceramic paste on an alumina plate and subsequent sintering
at 925°C for 2 h. The thermal shrinkage of Ag—ceramic
composites was characterized with a computer controlled
thermomechanical analyzer (Shimadzu TMA-50, Japan).
The electric field induced actuation characteristics of
MLCA were examined with a laser displacement measure-
ment system (Demodulator-3700, GRAPHTEC, Japan).

3 Results and discussion

3.1 Physical properties of Ag—PMNZT composite
electrodes

Crystal structures of Ag—PMNZT composites were ob-
served after sintering pellet specimens at 925°C for 2 h in
air. Figure 2 represents XRD patterns of Ag—ceramic
composites for different ceramic concentrations. The phases
were identified as the face centered cubic Ag [17] and the
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Fig. 2 X-ray diffraction patterns of sintered Ag—PMNZT composites
as a function of the ceramic concentration
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Fig. 3 Polished surface micro-
graphs of sintered Ag—-PMNZT
composites for different ceramic
concentrations. The PMNZT
powder concentrations in Ag
paste were (a) 0, (b) 10 wt.%,
(c) 30 wt.%, and (d) 50 wt.%,
respectively

rhombohedral perovskite phase [18], respectively. This
indicates that the chemical reaction between Ag and PZT
at the firing temperature is insignificant, and thus Ag can be
effectively applied to the internal electrodes of MLCA
using PMNZT piezoelectric ceramics. Kondo et al. [9] also
reported that Ag was cofirable with Pb(Ni;;sNb,/3)O3—Pb
(Zr,Ti)O5 ceramics at 900°C for MLCA fabrication.
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Fig. 4 Thermal shrinkage curves of Ag-PMNZT powder compacts
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Figure 3 shows the micrographs of polished surface of
Ag—ceramic composites fired at 925°C for 2 h in air. Two
phases identified with XRD analysis, as given in Fig. 1, are
clearly seen in the micrographs as bright Ag and dark
PMNZT phases, respectively. With elevating the concen-
tration of PMNZT ceramics, the area fraction of dark phase
increases. The area fractions of PMNZT in the composites
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Fig. 5 Effects of ceramic content on electrical conductivity of Ag-
PMNZT ceramic composites
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Fig. 6 Typical defects observed in PMNZT/Ag-PMNZT multilayer
composites after sintering

characterized with an image analyzer were 0.12, 0.36 and
0.60 for 10, 30, and 50 wt.% ceramic added specimens,
respectively. Because the area faction in the cross-section of
a specimen matches to the volume fraction, the following
relation can be derived;

£ =0.12f,

where f, and f, are the volume fraction in a sintered
composite and the weight fraction of PMNZT phase in a
composite paste with solvents, respectively.

A mismatch in the thermal contraction between different
materials can cause significant defects of multilayered
composites during sintering process. Figure 4 shows the

14
3 _._Ag
12 + | —0—12 vol. % PMNZT
N —&— 36 vol.% PMNZT
10| —0O— 60 vol. %e PMNZT
o~
< A
S sl
4
N’ B
= 6
» p—(
< A
—
R n
2L
ok
1 " 1 " 1 n 1 L 1 M |

0 5 10 15 20 25 30
Electric field (kV/cm)

Fig. 7 Electric field induced strain of MLCA for different electrode
compositions
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Table 1 Effects of PMNZT ceramic powder contents in the internal
electrode on the firing failure rate of PMNZT/Ag-PMNZT multilayer
composites.

Parameters Values
Ceramic volume fraction 0 0.12 0.36 0.60
Failure rate (%) 51.0 12.2 20.4 53.1

thermal shrinkage curves of Ag—ceramic powder compacts
as a function of the ceramic concentration. Pure Ag powders
start to shrink at about 500°C, whilst the piezoelectric
PMNZT ceramics do at higher temperature of 700°C. It is
seen that the mismatch in the thermal shrinkage between Ag
and PMNZT at temperatures of 500~900°C can be greatly
reduced by adding PMNZT powders into Ag paste.

Figure 5 shows the effects of ceramic content on the
electrical conductivity of Ag—ceramic composite thick films
sintered at 925°C for 2 h. The measured electrical
conductivity of the Ag thick film, 5.2x10° S/cm, is slightly
lower than that reported in the literature for pure Ag, 6.8 x
10° S/cm [16]. This is probably due to the insulating glass
frits contained in the thick film paste, which is generally
added to enhance the adhesion strength between the thick
film and the substrate. The conductivity falls down with the
PMNZT ceramic concentration as indicated on the figure. It
is interesting that the conductive characteristic of the
composite is still maintained at as high ceramic concentra-
tion as 60 vol.% despite that the Ag phase looks isolated by
insulating PMNZT ceramics, as seen in Fig. 3(d).

500

400 |

100 |-

o 1 " 1 " 1 " 1 " 1 " 1 " 1
00 01 02 03 04 05 06

Ag Volume Fraction PMNZT

Fig. 8 The apparent piezoelectric coefficient (d53*) of PMNZT/Ag-
PMNZT multilayer composites as a function of the electrode composition
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3.2 Properties of PMNZT/Ag—PMNZT multilayer actuators

Multilayer structures of piezoelectric ceramic sheet and
internal electrodes were fabricated by laminating ceramic
green sheets with screen-printed Ag—ceramic electrode.
After the following cofiring step many specimens revealed
delamination phenomena. A typical defect observed in the
multilayer structure is shown in Fig. 6. The crack was
mostly formed along the interfaces between the electrode
and ceramic layers, strongly suggesting that the thermal
shrinkage mismatch between two different layers is mainly
responsible for such failure.

The failure rate in the cofiring step was explored by
careful observation of a batch of specimens that were put on
a saggar in a 7x 7 array during firing process. The number of
cracked specimens after firing was statistically counted
among 49 specimens for four batches with different
electrode compositions and the results are summarized in
Table 1. In case of MLCA using pure Ag as internal
electrodes, the failure rate was as high as 51% due to the
large mismatch in the thermal shrinkage between composite
layers during firing as represented in Fig. 4. However, the
addition of 12 vol.% PMNZT ceramics into the Ag
electrode drastically reduced the failure rate down to
12.2% because of the reduced shrinkage mismatch between
layers. Although the reasons are not clear so far, the
increased failure rate for specimens with higher ceramic
concentrations in the electrode might be attributed to the
lower adhesion strength between layers at the lamination
step.

Figure 7 shows the microactuation characteristics of
PMNZT/PMNZT-Ag multilayer actuators. The thickness
of PMNZT ceramic layer and the number of stacked layers
were about 80 and 40 wm, respectively. Apparent piezo-
electric coefficients (d53*) were calculated from the ratio of
the maximum strain to the maximum filed on the curves,
and replotted in Fig. 8. In case of MLCA using pure Ag as
internal electrodes, the d;3* was calculated as 416 pm/V
and well matched to the low-filed piezoelectric coefficient
(d33) of 412 pC/N that was measured for a bulk specimen
with a Berlincourt d33 meter. With raising the ceramic content
in the electrode, the apparent piezoelectric constant dss*
decreases due to the reduced area fraction of conducting Ag
in the composite electrode as shown in Fig. 3.

4 Conclusions

Ag-PMNZT composite conductors were successfully ap-
plied to internal electrodes of low firing multilayer ceramic
actuators. The addition of piezoelectric ceramic powders
into Ag paste markedly reduced the thermal shrinkage
mismatch between ceramic/electrode multilayer compo-
sites, while the effective electrode area and its electrical
conductivity decreased with the ceramic concentration. The
reduced mismatch in the thermal shrinkage between
composite layers greatly improved the mass producibility
in MLCA fabrication.
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