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bstract

n the present study, a model multilayer structure composing of seven Bi O -doped ZnO layers and AgPd inner electrodes is prepared. The Bi O -
2 3 2 3

oped ZnO bulk specimens are also prepared for comparison purpose. The size of ZnO grains in the multilayer specimens is smaller than that in
he bulk specimen. Furthermore, the size of ZnO grains in the multilayer specimens decreases with the decrease of layer thickness. Microstructure
nalysis demonstrates that the Bi2O3-rich liquid phase wets not only the ZnO grains but also the AgPd electrodes.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Due to the unique nonlinear I–V characteristics of
nO–Bi2O3-based ceramics, they are applied as varistors to
rotect electronic devices against voltage surges.1–4 Many 3C
ppliances nowadays are operated with rechargeable batteries.
he voltage provided by the batteries is low. The multilayer
aristors (MLV) are therefore developed for such low voltage
pplications. For multilayer components, the choice of inner
lectrode is important to their cost and performance. Previous
tudy indicated that precious metal Pt is chemically inert to
nO–Bi2O3-based ceramic.5 Metallic Pt can therefore be used
s the inner electrode for MLV. Since the layer thickness is small
n MLV, the growth of ZnO grains is constrained by the limited
pace available between the Pt inner electrodes.5

The cost of Pt is very high. The 70%Ag–30%Pd alloy is
ow considered as the material for inner electrode. The basic
equirement on inner electrode is its ability to co-fire with ZnO-
ased ceramics in air at elevated temperatures. For low voltage
pplications, the layer thickness between inner electrodes has
o be small. The grain growth behaviour within a small space
s not the same as that in the bulk specimen.5,6 For example,
he grain growth behaviour in multilayer specimen5 and in thin

lm6 is different from that in a bulk specimen. Furthermore,
revious studies indicated that Bi2O3 could react with Pd at ele-
ated temperatures.7,8 Such reaction may affect the grain growth
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ehaviour within the inner electrodes. However, the grain growth
ehaviour within AgPd inner electrodes has not been investi-
ated before. In the present study, the grain growth behaviour of
i2O3-doped ZnO grains within AgPd inner electrodes is thus

nvestigated.

. Experimental

A high-purity ZnO and 5 wt% Bi2O3 were mixed with sol-
ents and binders first. The tape with a thickness of 20 �m was
hen prepared by tape casting. The AgPd (70%Ag–30%Pd) paste
as deposited onto the green tape by screen printing. Laminat-

ng different numbers of green tapes made a multilayer structure
ith various thicknesses from 20 to 140 �m. To facilitate the

omparison, the layers with different thickness were all built
nto one component. The schematics of the electrode configu-
ation are shown in Fig. 1. The laminates were then cut into a
ize of 1.85 mm (length) × 0.95 mm (width) × 0.75 mm (thick-
ess). All specimens were firstly fired from room temperature to
00 ◦C in air for 1 h using a heating rate of 1 ◦C/min to remove
he organics. After the binder burnout stage, the sintering was
erformed in air at 900–1100 ◦C for various times. Several bulk
pecimens with the same composition were also prepared for
omparison purpose. The thickness of the bulk specimens was
round 3 mm. In order to prevent the evaporation of Bi2O3 dur-
ng sintering, the specimens were sintered in a powder bed which

omposition was the same as that of the specimens.9

In order to carry out the microstructure analysis, the spec-
mens were ground with SiC abrasive papers and polished
ith 0.05 �m Al2O3 particles. The specimens were etched with

mailto:tuan@ntu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.008
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F MLV. (c) Cross-section of a typical ZnO–Bi2O3/AgPd MLV specimen after sintering
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ig. 1. (a) Side view and (b) cross-section for the electrode configuration of an
t 1100 ◦C for 60 min.

ilute hydrochloric acid. The microstructures were observed by
sing scanning electron microscopy (SEM, XL-30, Philips Co.,
etherlands). The size of ZnO grains was determined by apply-

ng an image analysis technique.5 By assuming that each grain
s spherical in shape, the size of ZnO grains was estimated. The
omposition analyses were carried out by using electron probe
icro-analyzer (EPMA, Model JAX-8200, JOEL, Japan). Phase

nalysis of the sintered specimens was characterized with a syn-
hrotron X-ray source (Beam-line 17B1, National Synchrotron
adiation Research Center, Hsinchu, Taiwan). Before the phase
nalysis, several multilayer specimens were mounted together
nto resin then ground to expose the cross-sections. The syn-
hrotron X-ray beam was then spotted at the cross-sections of
he specimens to carry out the phase analysis.

. Results

Fig. 1(c) shows the cross-section of one typical MLV spec-
men after sintering at 1100 ◦C for 60 min. There are seven

eramic layers in the MLV specimen. The layer thickness varies
rom 8 to 55 �m after sintering. The volume shrinkage at the
iddle of the MLV specimen is larger than that at the two ends.
ig. 2 shows the XRD pattern of the MLV specimens after

F
1

ig. 2. XRD pattern of the ZnO–Bi2O3/AgPd MLV specimen after sintering at
100 ◦C for 60 min.
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intering at 1100 ◦C for 60 min. Apart from ZnO, Bi2O3-rich
hase and AgPd alloy, a reaction phase PdBi2O4 is also found.
owever, the intensity of the newly formed PdBi O phase is
2 4

elatively small.
The typical micrographs of the bulk and MLV specimens

re shown in Fig. 3. Since the layers with various thicknesses

ig. 3. Typical SEM micrographs of the (a) bulk and (b–d) MLV specimens.
icrographs show the microstructures (b) outside the AgPd inner electrodes

nd within the (c) 7th and (d) 1st to 3rd layers. The specimens were sintered at
100 ◦C for 60 min.
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ig. 4. Average size of ZnO grains in the bulk and MLV specimens after sintering
t the indicated temperatures for 60 min.

re next to each other, the effect of the layer thickness on the
rain growth behaviour can be estimated. Large grains with size
20 �m can be found in the bulk specimen, Fig. 3(a). Such large
rains are also found in the area outside the inner electrodes,
ig. 3(b), and in the thick layer, Fig. 3(c). However, no such

arge grains are found in the thin layers, Fig. 3(d). Instead, some
olumnar grains are found in the thin layers.

The size of ZnO grains in the MLV and bulk specimens as
function of sintering temperature is shown in Fig. 4. The size
f ZnO grains in the MLV specimen is smaller than that in the
ulk specimens. For the MLV specimen, as the sintering tem-
erature is 900 ◦C, the grain size within inner electrodes is the
ame as that outside the electrodes. With the increase of sinter-
ng temperature, the size of ZnO grains then decreases with the
ecrease of the layer thickness. Fig. 5 shows the size variation

f the ZnO grains in the bulk and MLV specimens. Though the
verage size of the grains outside the inner electrodes is smaller
han that in the bulk specimen, Fig. 4, the size variation of the

ig. 5. Size distribution of the ZnO grains in bulk and MLV specimens after
intering at 1100 ◦C for 60 min.
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ig. 6. Average size of ZnO grains in bulk and MLV specimens as a function of
well time at 1100 ◦C.

rains outside the inner electrodes is very similar to that in the
ulk specimen. However, the size scatter of the grains within the
nner electrodes is smaller than that outside the electrodes.

Fig. 6 shows the size of ZnO grains as a function of dwell
ime at 1100 ◦C. The grain growth exponents for the various
laces within MLV specimens are shown in Table 1. Since the
rowth of the grains in the 1st layer is very limited, its grain
rowth kinetic constant is not calculated. By knowing the grain
rowth exponents (n), the apparent activation energy (Q) for the
rowth of ZnO grains can then be calculated. The values for
he activation energy are also shown in Table 1. The n and Q
alues for the growth of ZnO grains in the MLV specimen are
ignificantly higher than those in the bulk specimen. It indicates
hat the grain growth kinetics of the grains in MLV specimens
re very much different from those in bulk specimens.

. Discussion

A novel laminated structure is used in the present study.
even layers with various thicknesses are incorporated into one
aminated structure. Such structure allows us to look into the
rain growth behaviour within a multilayer specimen. The cross-
ection of a green MLV specimen is rectangular in shape before
intering. The shape distortion of MLV specimens is noted after

able 1
alculated grain growth exponent (n) and apparent activation energy (Q) for the
nO–Bi2O3 bulk and ZnO–Bi2O3/AgPd MLV specimens.

Grain growth
exponent, n

Apparent activation
energy, Q/kJ/mol

ulk 4 285

LV
Outside electrodes 9 931
7th layer 9 872
3rd layer 7 655
2nd layer 7 610
1st layer –a –a

a See text.
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intering, Fig. 1. The shrinkage is larger in the middle part of the
LV specimen. From Fig. 3, the amount of pores and their size

n the thinner layers in the MLV specimen are smaller than those
n the bulk specimens. A small amount of Ag can dissolve into
nO at elevated temperature.10 Since the Ag solute can enhance

he grain growth rate of ZnO10; it may also enhance the densifi-
ation of ZnO, also due to that the grain size decreases with the
ecrease of the layer thickness, the densification thus increases
ith the decrease of layer thickness.
The ZnO grains outside the AgPd inner electrodes are smaller

han those in the bulk specimens, see Fig. 4. Furthermore, the
ize of ZnO grains decreases with the decrease of layer thickness,
ndicating that the growth of the ZnO grains is constrained by
he space available for them to grow. A powder bed is used
n the present study, the Bi2O3-rich liquid phase remains after
intering, see Fig. 3. The Bi2O3-rich liquid phase can react with
d to form PdBi2O4, Fig. 2. A very small amount of PdBi2O4
hase is thus found. Since the amount of the PdBi2O4 phase is
mall and the phase is likely formed during the cooling down
tage,8 the presence of the reaction phase affects little on the
rowth of ZnO grains.

For the bulk specimens, the grain growth kinetic constants,
rain growth exponent and activation energy, are close to the
eported values in the previous studies.11,12 Dye and Bradt
uggested that the growth of ZnO grains is controlled by the
iffusion through the Bi2O3-rich liquid phase.12 In the begin-
ing of sintering, the size of the ZnO grains within the electrodes
s the same as that outside the electrodes. As the size of ZnO
rains approaching the layer thickness, the inner electrodes act
s the diffusion barrier to the mass transportation. The growth
n the direction perpendicular to the electrode is no longer pos-
ible. The size of ZnO grains is therefore small within the inner
lectrodes. Since the ZnO grain can grow only in the direction
arallel to the direction of the inner electrodes and the Bi2O3-rich
hase tends to perpendicular to the inner electrodes to decrease
ts length; columnar grains are thus formed in the 1st, 2nd and
rd layers, see Fig. 3(d).

In the present study, an image analysis technique is used to
etermine the area of each grain. The area is then transferred
nto the grain size by assuming that the grain is spherical in size.
s the columnar grain is formed, the calculated grains size is

arger than the thickness of 1st layer (see Fig. 5). In fact, the
idth of the columnar grains is never larger than their layer

hickness.
As far as the grain growth kinetic is concerned, the growth of

rains depends on the number of routes for mass transportation.
ince the grain growth can be seen as the movement of grain
oundary as6,13:

= βMF (1)

here v is the velocity of the grain boundary movement, β is the
eometric factor which depends on the routes available for the

ass flow, F is the force and M is the intrinsic mobility of the

oundary. The liquid remains throughout the sintering due to the
se of a powder bed.5 At the beginning of sintering, the available
outes for mass transportation at different locations within a
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ig. 7. (a) SEM micrograph of the 1st in MLV specimen after sintering at
100 ◦C for 100 min, and (b) the corresponding EPMA line analysis.

ultilayer structure are the same. The size of grains shows little
ependence on the locations at the beginning of sintering, Fig. 4.
owever, the available mass transportation paths decrease when

he ZnO grains touch the upper and bottom electrodes. It results
n the reduction of the value of β (Eq. (1)). The growth of the
nO grains within inner electrode is thus prohibited as they touch

he inner electrodes. Since the Bi2O2-rich liquid phase remains
etween ZnO grains throughout the sintering stage, the grain
rowth mechanism is controlled by the diffusion through the
iquid phase. Though the grain growth kinetic constants, grain

rowth exponent and activation energy, vary with the locations
ithin the multilayer structure (Table 1), it reflects only the fact

hat the mass transportation paths decrease with the decrease of
ayer thickness.
an Ceramic Society 30 (2010) 525–530 529

The EPMA analysis indicates that there is a Bi2O3-rich liquid
hase present between ZnO grain and AgPd electrode, Fig. 7(b).
urthermore, the Bi2O3-rich liquid phase seems to wet the AgPd
lectrode well, as demonstrated in Fig. 7(a). Since the Bi2O2-
ich liquid phase is an electrical insulating layer, its presence
stablishes an electrostatic barrier at ZnO/ZnO grain boundary.
imilarly, its presence at the ZnO/AgPd interface may also plays
n important on the electrical properties of MLV. Detailed inves-
igation into the ZnO/Bi2O3/AgPd boundary layer is needed.

. Conclusions

Through careful microstructure characterization, the fol-
owing remarks on the grain growth behaviour within
nO–Bi2O3/AgPd multilayer varistors can be made.

1) At the beginning of sintering, the size of ZnO grains is
similar at different locations within the laminated structure.

2) As the size of grains approaching the layer thickness, the
grain boundaries tend to perpendicular to the electrodes.
Columnar grains are thus formed.

3) The average size of ZnO grains decreases with the decrease
of layer thickness.

4) The extent of size variation also decreases with decreasing
layer thickness.

5) The wetting of Bi2O3-rich liquid phase on AgPd electrode
is taken place during co-firing.
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