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Abstract

A peculiar kind of ZnO–B2O3–PbO–V2O5–MnO2 ceramics was produced from the ZnO nanopowders directly co-doped with the oxides
instead of lead zinc borate frit in this investigation. The 8 wt.% (PbO+ B2O3) co-doped ceramics sintered at 950◦C for 2 h displayed the
optimum electrical properties, that is, leakage current densityJL = 6.2× 10−6 A/cm2, nonlinear coefficientα = 22.8 and breakdown voltage
VBK = 331 V/mm. The co-doping of 8 wt.% (PbO+ B2O3) resulted in an increase in nonlinear coefficient and a decrease in leakage current
density of the ZnO–V2O5 varistors while the sintering temperature showed no evident influence on nonlinear coefficient and leakage current
density at the range of 800–950◦C.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO semi-conductive ceramics with several oxide ad-
ditives, such as Bi, Sb, Co, Cr, Mn oxides, have been
widely used as voltage regulators and surge current pro-
tectors because of their high nonlinear voltage–current
characteristics.1–6 It is believed that these characteris-
tics arise from the modifications of the zinc oxide grain
boundaries caused by the segregation of some special
dopant such as Bi,7 Pr8,9 and Ba.10 Recently, it is reported
that V2O5

11–14 and lead zinc borosilicate glass15–20 are
varistor-forming ingredient for ZnO ceramics, the use of
these materials results in varistor properties that is similar to
those of ZnO–Bi2O3 system. The advantages of ZnO–V2O5
system are that the ceramics can be sintered at a relatively
low temperature (such as 900◦C)21 in a conventional elec-
tric furnace, and the addition of V2O5 markedly enhances
the densification rate and grain growth22,23 simultaneously.
This is important for multilayer varistors because such ce-
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ramics can be co-sintered with a relatively cheaper inner
electrode, such as silver electrode, which has a melting point
of about 960◦C.14 It is also found that the liquid-phase sin-
tering of lead zinc borosilicate glass at low temperature is
similar to that of Bi2O3 whose melting point is 880◦C, and
the influence of borosilicate glass on electrical properties is
also similar to that of Bi2O3.15,16

It is worthy to notice that the maximum nonlinear coef-
ficient of binary ZnO–V2O5 system with 0.25 mol% V2O5
doped is only 8.9 when sintered at 900◦C for 4 h,13 and the
maximum nonlinear coefficient of 22–23.5 and the minimum
leakage current density of 1.4 × 10−6 to 2.4 × 10−6 A/cm2

are acquired when 0.5 mol% V2O5 and 0.3 mol% Mn3O4
co-doped ceramics are sintered at 900◦C for 30 min or
1100◦C for 10 min in a microwave furnace.22,23 There
are also some reports on the effects of other additives,
such as Mn3O4, CoO, NiO, Nb2O3, Na-glass,14 MnO2
and Sb2O3,24,25 on microstructure and electrical properties.
Among these additives, MnO2 displays the most significant
influence on varistor performance, and the corresponding
optimum content is 1 mol% MnO2 and 0.5 mol% V2O5.24

Even though the melting point of V2O5 is about 690◦C, the
sintering temperature of ZnO–V2O5 ceramics will rapidly
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rise when several additives are co-doped. For example, it is
not fully densified when sintered at 900◦C and a higher tem-
perature of 1200◦C has to be used for ZnO–V2O5–Sb2O3
ceramics.24,25

On the other hand, the amorphous lead zinc borosilicate
frit should be prepared in advance as raw materials in the
previous work.16,20 This method is relatively complicated
and it is difficult to ensure the accuracy and repetition of
the component of frit, which plays a very important role in
electrical properties of varistors.

It should be indicated that ZnO nanopowders have
high activity so as markedly to decrease sintering tem-
perature. Furthermore, ZnO powders could exist in many
kinds of shapes, in which normally one is spheroid and
the other is tetrapod.26–28 Some researchers prepared ZnO
varistors from nanometer powders by sol–gel,29 chemical
co-precipitation and plasma pyrolysis,30 but it still belongs
to ZnO–Bi2O3 system and the powders are still spheroid.
The sol–gel glass-coated zinc oxide is also applied for
varistor,31 however, its nonlinear coefficient is too small to
be applied in practice. The nanosized doped-ZnO ceramic
powders prepared by metallorganic polymeric method could
markedly decrease sintering temperature, and the normal
liquid-phase sintering occurred at 850◦C,32 but the break-
down voltageVBK is too high (≥1500 V/mm).

In the previous work,33 ZnO-glass varistors are prepared
from the tetrapod ZnO nanopowders with a kind of noble
method, namely, direct co-sintering of the glass forming ox-
ides with other starting materials for the varistors prepa-
ration. In present work, the ZnO–B2O3–PbO–V2O5–MnO2
varistors are prepared from the same type of ZnO nanopow-
ders and with the same method mentioned in the previous
work,33 the microstructures and the electrical properties of
this noble system are also investigated.

2. Experimental procedure

The raw ZnO nanopowders prepared by a vaporization
condensation technique were used as matrix material, and
V2O5, MnO2, PbO, and B2O3 with reagent grade were used
as additives, in which the ratio of PbO to B2O3 was kept
constant. The mixtures of above materials with different
proportions were ball-milled for 8 h and then pressed into
discs of 20 mm in diameter at a pressure of about 200 MPa
while 2% ethyl cellulose was added as binder, finally the
green discs with a relative density of about 60%TD (TD=
5.645 g/cm3) were obtained. The as-prepared discs were sin-
tered at a temperature range from 500 to 950◦C in air for 2
and 4 h in a conventional electric furnace and then furnace
cooled to room temperature. A silver paste was printed on
both sides of the sintered discs (about 15 mm in diameter),
and then the silver-printed discs were sintered at 500◦C in
air for 15 min with an aim to prepare samples for electrical
characteristic experiments. The electrical characteristic test
parameters were as follows: the voltage at a current of 1 mA

(i.e. the breakdown voltage,VBK), the current density at a
voltage of 0.83VBK (i.e. leakage current density,JL), and
the nonlinear coefficientα which can be estimated by the
following equation:

α = 1

log(V1 mA/V0.1 mA)
(1)

where V1 mA and V0.1 mA represent the voltages at 1 and
0.1 mA, respectively.

The voltage–current (V–I) characteristics of the sintered
ceramics were measured by a variable DC power source.

The surface microstructures of the samples were exam-
ined by HITACHI S-570 scanning electron microscope.
The crystalline phases of the samples were identified by
D/max-IIIC X-ray diffraction (XRD) with Cu target (λ =
0.15406 nm).

The radial shrinkage ratio of the samples, one of the meth-
ods to represent the relative density of the sintered ceramics,
was determined by the following equation:


l

l0
= l0 − ls

l0
(2)

where l0 and ls represent the diameters of the green and
sintered ceramics, respectively.

3. Results and discussion

Fig. 1 shows XRD patterns of the sintered ceramics.
It is evident that the main phase of all the samples is
ZnO, which is exactly the same as the JCPDS card (No.
36-1451), but the second phase is relatively difficult to
identify exactly since its peak strength is too weak.Table 1
summaries the d-spacing data of the samples measured
by XRD and of�-Zn3(VO4)2 (JCPDS card No. 19-1470),
�-Pb3(VO4)2 (JCPDS card No. 31-0698) and ZnO (JCPDS
card No. 36-1451) quoted from the JCPDS cards. The phase
�-Pb3(VO4)2 is hard to be distinguished from the XRD
patterns because the main peaks of�-Pb3(VO4)2 are nearly
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Fig. 1. XRD patterns of the samples, A1, A2: 8 wt.% (PbO+ B2O3); B1,
B2: 4 wt.% (PbO+ B2O3); C1, C2: 12 wt.% (PbO+ B2O3). A1, B1, C1:
sintered at 800◦C for 2 h; A2, B2, C2: sintered at 900◦C for 2 h.
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Table 1
Summary of d-spacing data of the samples,�-Zn3(VO4)2, �-Pb3(VO4)2 and ZnO

d-spacing data of the samples
measured by XRD,d (Å)

�-Zn3(VO4)2 (JCPDS
card No. 19-1470)

�-Pb3(VO4)2 (JCPDS
card No. 31-0698)

ZnO (JCPDS card
No. 36-1451)

d (Å) I/I0 d (Å) I/I0 d (Å) I/I0

3.206–3.164 3.1800 85 3.1990 100 – –
– 3.1000 100 3.0930 90 – –
2.869–2.888 2.8700 75 2.8780 50 – –
2.818–2.828 – – 2.8170 85 2.8143 57
2.607–2.613 2.5600 70 – – 2.6033 44
2.478–2.485 – – – – 2.4759 100
2.27–2.271 2.2800 40 – – – –

overlapped by those of�-Zn3(VO4)2 and ZnO. The peaks
at ∼3.20 and∼2.88 Å imply that there is�-Zn3(VO4)2 ex-
isting in the samples. Furthermore, a sole peak at∼2.27 Å
found in the XRD patterns is exactly corresponding to the
peak of phase�-Zn3(VO4)2, which reveals the existence of
phase�-Zn3(VO4)2 in all the samples sintered at 900◦C.
The SEM EDS (energy dispersive spectra via SEM) analyses
on the surface of the ZnO–6 wt.% (PbO+ B2O3)–0.5 mol%
V2O5–1 mol% MnO2 ceramics sintered at 950◦C for 2 h
show that lead and vanadium are mainly located at the
boundaries of ZnO grains, as shown inFig. 2. These re-
sults further indicate that the second phase is zinc lead
vanadate. On the other hand, the phase diagrams34 among
ZnO, PbO, B2O3 and V2O5 show that B2O3–V2O5 binary
system is a kind of completely miscible system and many
kinds of compounds are easy to form among them. Thus, it
could be suggested that the second phase is a kind of phase
�-Zn3(VO4)2 dissolved Pb and B even though no evidence
shows that there exists B at the boundaries between the ZnO
grains. The XRD patterns show that ZnB4O7 is formed in
this ceramic system on condition that the co-doped contents
of (PbO+ B2O3) are at 12 wt.%.

It is well-known that �-Zn3(VO4)2 is a kind of
non-quenchable high temperature phase,24,25 and this phase
is also detected in the ZnO–V2O5 varistors doped with
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Fig. 2. SEM EDS patterns of the surface of the ZnO–8 wt.%
(PbO+B2O3)–0.5 mol% V2O5–1 mol% MnO2 ceramics sintered at 950◦C
for 2 h (curve 1: ZnO grain interior; curve 2: ZnO grain boundary).

Mn3O4, CoO, NiO and Na-glass,14 this phenomenon is
considered to be the stabilized effect of these additives to
the high-temperature phase.24 Simultaneously, the addition
of PbO and MnO2 should make a main contribution to the
stabilization of�-Zn3(VO4)2 phase in this study.

On the other hand, many reactions among ZnO, PbO,
B2O3 and V2O5 occur during the sintering process because
PbO and B2O3 are directly co-doped into the ceramics in-
stead of lead zinc borate frit, and, the productions of such
reactions possess high activity. Furthermore, it is drawn
out from the phase diagrams that liquid-phase appears at
relatively low temperature, such as 300◦C,34 these obvi-
ously promote the sintering properties of this ceramic sys-
tem and its densification. As shown inFig. 3, the radial
shrinkage ratios of the sintered samples calculated by the
formula (2) indicate that the values of the radial shrinkage
ratio rise with the increases in sintering temperature and the
co-doped amount of PbO and B2O3, and the maximum val-
ues are obtained when the sintered temperature is at about
800◦C.

Fig. 4a–fshow the SEM images of the samples sintered
at different temperature and different soaking time. It can
be found that the grain sizes of ZnO increase with an in-
crease of the sintering temperature and a prolongation of
the soaking time, and, it is also concluded that the co-doped
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Fig. 3. Dependence of radial shrinkage ratio of the sintered ceramics on
the sintering temperature and co-doped amount of PbO and B2O3.
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Fig. 4. SEM images of the samples (a) 4 wt.% (PbO+ B2O3) co-doped, sintered at 800◦C for 4 h. (b) 8 wt.% (PbO+ B2O3) co-doped, sintered at
800◦C for 4 h. (c) 12 wt.% (PbO+ B2O3) co-doped, sintered at 800◦C for 4 h. (d) 8 wt.% (PbO+ B2O3) co-doped, sintered at 800◦C for 2 h. (e) 8 wt.%
(PbO+ B2O3) co-doped, sintered at 900◦C for 2 h. (f) 8 wt.% (PbO+ B2O3) co-doped, sintered at 950◦C for 2 h.

amount of PbO and B2O3 does not significantly influence
the phase constituents and morphologies of the sintered ce-
ramics from the SEM images. Simultaneously, the above
results also obey a general discipline that sintering temper-
ature and soaking time increase the densification of ceramic
materials and enhance the ZnO grain growth rate. As de-
scribed above, doping PbO and B2O3 together causes the
liquid-phase sintering and growth of ZnO grains happens at
a relatively low temperature just higher above 300◦C drawn
out from the phase diagrams,34 meanwhile, the high activ-
ity of the tetrapod ZnO nanopowders further accelerate the
growth rate of ZnO grains.

The electrical properties of the samples are characterized
by their applied electric field–current density (E–J) proper-
ties at the pre-breakdown range, as shown inFigs. 5–7. The
leakage current densityJL, breakdown fieldVBK and non-
linear coefficientα are also listed inTable 2. It is evident
that the sintering temperature and soaking time markedly
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Fig. 5. Effect of the soaking time and co-doped amount of PbO and B2O3

on the applied electric field–current density (E–J) characteristics of the
ZnO–0.5 mol% V2O5–1 mol% MnO2 ceramics sintered at 800◦C.
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Table 2
Summary of breakdown fieldVBK, leakage current densityJL and nonlinear coefficientα of the samples

Specimen
number

Content of co-doped
(PbO+ B2O3)

Sintering
temperature (◦C)

Soaking time (h) Relative density VBK (V1 mA/mm) JL (10−6 A/cm2) α

A1 8 800 2 0.778 843.8 7.2 21.4
B1 4 800 2 0.671 561.7 – 4.9
C1 12 800 2 0.916 715 24.9 14.8
A2 8 900 2 0.904 389 6.4 21.9
B2 4 900 2 0.808 301 – 4.3
C2 12 900 2 0.980 509 13.7 15.8
A3 8 950 2 0.902 331 6.2 22.8
B3 4 950 2 0.881 213 – 2.05
C3 12 950 2 0.996 290 29.5 16.3
A4 8 800 4 0.755 607 7.2 22.5
B4 4 800 4 0.680 – – –
C4 12 800 4 0.921 716 35.6 12.3
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Fig. 6. Effect of the co-doped amount of PbO and B2O3 on the applied
electric field–current density (E–J) characteristics of the ZnO–0.5 mol%
V2O5–1 mol% MnO2 ceramics sintered at 900◦C.

influence the leakage current densityJL, breakdown field
VBK and nonlinear coefficientα of the samples with differ-
ent co-doped contents of PbO and B2O3. The breakdown
field VBK monotonically decreases with a increasing of the
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Fig. 7. Effect of the co-doped amount of PbO and B2O3 on the applied
electric field–current density (E–J) characteristics of the ZnO–0.5 mol%
V2O5–1 mol% MnO2 ceramics sintered at 950◦C.

sintering temperature and prolongation of the soaking time.
It is worth noticing that the sintering temperature at a range
of 800–950◦C has few influence on the leakage current
density JL and nonlinear coefficientα for the samples
co-doped with 8 wt.% (PbO+B2O3). The co-doped amount
of PbO and B2O3 additives significantly influence the elec-
trical properties of the ZnO–V2O5 ceramics. Among all
the samples concerning present study, the ZnO–0.5 mol%
V2O5–1 mol% MnO2–8 wt.% (PbO+ B2O3) ceramics pos-
sesses the following optimum electrical properties: leakage
current densityJL = 6.2 × 10−6 A/cm2, nonlinear coef-
ficient α = 22.8 for those sintered at 950◦C for 2 h, and
leakage current densityJL = 7.2 × 10−6 A/cm2, nonlin-
ear coefficientα = 22.5 for those sintered at 800◦C for
4 h, respectively. These results indicate that the optimum
contents are ZnO–0.5 mol% V2O5–1 mol% MnO2–8 wt.%
(PbO+ B2O3) in present work and it is worth noticing that
the optimum sintering temperature is closely matching the
melting point of Ag conductive paste, (e.g. 960◦C).

It is well known that the nonlinear current–voltage
properties of ZnO varistors are mainly contributed by the
grain-boundary regions and can be explained by the double
Schottky barriers model.35 For the ZnO–V2O5 system, the
nonlinear current–voltage behavior can also benefit from the
grain-boundary phase�-Zn3(VO4)2. Hng et al. point out that
�-Zn3(VO4)2 in the ZnO ceramics doped with V2O5 may be
a good indicator of desirable varistor behavior.24 High non-
linear coefficients are obtained for the multicomponent ZnO
varistors doped with V2O5 and a little amount of Mn3O4,
CoO, NiO, Nb2O5 and Na-glass,14 and Mn3O4 markedly
alters the nonohmic behavior of the ZnO–V2O5 ceramics.23

Simultaneously, for the ZnO–B2O3–PbO–V2O5–MnO2 ce-
ramics, the nonlinear coefficient can be promoted through
co-doping MnO2, PbO and B2O3, because these dopants
dissolve in the grain-boundary phase�-Zn3(VO4)2 and
stabilize this non-quenchable high temperature phase.
Moreover, the function of the doping PbO is similar to
that of Bi2O3 since Pb2− is a kind of large ions, the
residing of Pb2− in the grain-boundary region and the
acting as electron traps induce large potential barriers,
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increase the nonlinear coefficient and decrease the leak-
age current density of the materials. PbO and B2O3 are
the starting materials that prepare lead zinc borate frit
which is a kind of varistor formers,15–20 co-doping of
PbO and B2O3 can further increase the nonlinear coeffi-
cient and decrease the leakage current of the ZnO–V2O5
varistors.

4. Conclusion

A peculiar kind of ZnO–B2O3–PbO–V2O5–MnO2 varis-
tors is produced by sintering in conventional electric
furnace operated at a low temperature of 800◦C. The
readily-achieved process benefits from the addition of
B2O3 and V2O5, which promote diffusion in the doped
ZnO materials, especially when ZnO starting materials are
ZnO nanopowders. PbO and MnO2 help to stabilize the
high-temperature phase�-Zn3(VO4)2. The co-doping of
PbO and B2O3 significantly enhances electrical properties of
the ZnO–V2O5 varistors. When the ceramics are co-doped
with 8 wt.% (PbO+B2O3) and sintered at 950◦C for 2 h, the
optimum electrical properties ofJL = 6.2 × 10−6 A/cm2,
α = 22.8 and VBK = 331 V/mm are obtained. The sin-
tering temperature has almost no evidently influence on
the nonlinear coefficientα and leakage current density
JL of the ZnO–0.5 mol% V2O5–1 mol% MnO2–8 wt.%
(PbO+B2O3) ceramics at the range of 800–950◦C. The pro-
duced ceramics display a potential application in multilayer
varistors.
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