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Abstract

ZnO-based varistor ceramics doped with Nd2O3 and Y2O3 have been prepared by the conventional ceramics method. The phase

composition, microstructure and electrical properties of the ceramics have been investigated by XRD, SEM and a V–I source/measure

unit. The XRD and EDS analyses show the presence of ZnO, Bi2O3, Zn7Sb2O12, Y2O3, Nd-rich phase and Y-containing Bi-rich phase.

The electrical properties analyzed show that the nonlinear coefficient of the varistor ceramics is in the range of 4.4–70.2, the threshold

voltage is in the range of 247.1–1288.8 V/mm, and the leakage current is in the range of 1.51–214.6 mA/cm2. The 0.25 mol% Nd2O3

added varistor ceramics with 0.10 mol%Y2O3 sintered at 1050 1C exhibits excellent electrical properties with the high threshold voltage

of 556.4 V/mm, the nonlinear coefficient of 61 and the leakage current of 1.55 mA/cm2. The results illustrate that doping Nd2O3 and

Y2O3 in ZnO-based varistor ceramics may be a very promising route for the production of the higher threshold voltage and the

nonlinear coefficient of ZnO-based varistor ceramics.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO varistors are semiconducting ceramics fabricated
by sintering of ZnO powders with small amounts of
additives such as Bi2O3, CoO, MnO, and Sb2O3 and so
on to further enhance the non-linearity of the varistor’s
behavior [1]. The highly nonlinear electric field–current
density (E–J) and a high energy absorption capability
characteristic of ZnO varistors are widely used as surge
absorbers in electronic circuits, devices and electrical
power systems to protect against dangerous over-voltage
surges. The non-linear current–voltage characteristics of
ZnO varistor ceramics is attributed to the existence of a
double Schottky barrier at the electrically active grain
boundary layer, which is essentially formed by segregation
of large ionic varistor forming oxides. These Schottky
barriers arise from the trapping of electrons and control
the electrical characteristics of varistors [2,3].
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As the non-linear electrical behavior occurs at the
boundary of each semiconducting ZnO grain, the varistor
can be defined as a multi-junction device composed of
series and parallel connections of grain boundaries in
which each has a breakdown voltage of 3 V. Thus, to
achieve a given breakdown voltage, one can change the
varistor thickness or one can vary the grain size to increase
the number of barriers or grain boundaries [4]. High-
voltage varistor ceramics require a fine-grained micro-
structure and Sb2O3 is usually added to inhibit the ZnO
grain growth. More recently, high breakdown voltage
varistors is the technical trend in arrester field since it
can be reduce element size and weight [5]. It is well known
that rare earth elements can improve electric field of ZnO-
based varistor ceramics and show similar effects to Bi2O3

which makes potential barriers at the grain boundaries by
becoming itself a layer of inter-granular material and by
supplying ions to the ZnO grain boundaries [1]. Most of
the studies [2,5–7] on ZnO (or ZnO–Bi2O3) based and
Pr6O11 based [8–11] varistor ceramics doped with rare
earth oxides have been made in order to understand the
influence of different rare earth oxides (such as Sm2O3,
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Er2O3, Sc2O3,Y2O3, Nd2O3 and La2O3) on the microstruc-
ture and electrical properties of the ZnO varistor ceramics.
These investigations indicate that rare earth oxides may
play an important role in controlling different operation
parameters of these kinds of varistors devices. Namh
et al. [11] and Wang et al. [12] reported that the addition
of Nd2O3 to the ZnO-based varistors can greatly enhance
the nonlinearity of the varistor’s behavior. However, the
varistors that have a high nonlinearity exhibit very poor in
breakdown field. The breakdown field decreases with the
increase of Nd2O3 content when the content of Nd2O3 is
Z0.04 mol% [13]. Bernik et al. [7,14] found that the fine-
grained Y2O3-containing phase present at the grain bound-
aries strongly inhibits ZnO grain growth while the leakage
current (JL) increases with increasing amounts of Y2O3. To
overcome a few flaws of not only poor breakdown field of
Nd2O3-doped-ZnO-based varistors but also the large
leakage current of Y2O3-doped-ZnO-based varistors. It is
necessary to investigate the effect of incorporation of novel
mixed rare earths Nd2O3 and Y2O3 on microstructure and
electrical properties of ZnO-based varistors.

Our previous studies have confirmed that the optimum
content of only doping Nd2O3 is about 0.25 mol% in
the ZnO-based varistor ceramics. In this work, the aim
is to investigate the effect of incorporation of Nd2O3

(0.25 mol%) and various Y2O3 contents on microstructure
and electrical properties of ZnO-based varistor ceramics.
The relation between the electrical characteristics of ZnO-
based varistor ceramics and rare earth content has also
been investigated.

2. Experimental procedure

2.2. Sample preparation

ZnO-based varistor samples with the nominal composi-
tion shown in Table 1 were prepared by the traditional
ceramics method. Raw materials were mixed by ball-
milling with zirconia balls and alcohol in a polypropylene
bottle for 24 h and the mixture was dried at about 70 1C
for 12 h followed by calcinations at 750 1C for 2 h. The
calcined mixture was remilled in alcohol medium for 24 h.
After drying, mixing with 4 wt% polyvinyl alcohol (PVA)
Table1

Composition of Nd2O3 and Y2O3 co-doped ZnO-based varistor ceramics.

Sample Composition (mol%)

ZnO Bi2O3 Co2O3 MnO

A0 96.30 0.7 1.0 0.5

A1 96.05 0.7 1.0 0.5

A2 95.95 0.7 1.0 0.5

A3 95.91 0.7 1.0 0.5

A4 95.75 0.7 1.0 0.5

A5 95.55 0.7 1.0 0.5
solution, the granulated powders were pressed uniaxially
into discs of 18 mm in diameter and 1.3 mm in thickness at
a pressure of 80 MPa. The pressed discs were then fired at
600 1C for 1 h to expel the binder before sintering at
temperatures in the range of 1050–1150 1C for 2 h in air
with heating and cooling rates of 4 1C/min in air. The
resulting dark-green ceramic bodies were approximately
14 mm in diameter and 1.1 mm in thickness. Silver paste
was coated on both faces of samples and the silver
electrodes were formed by heating at 600 1C for 10 min.
The diameter of electrodes was 12 mm.

2.2. Microstructure examination

The surfaces of the sintered samples were observed by a
scanning electron microscope (SEM, Model JSM-5610LV,
JEOL, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS). The average ZnO grain size (D) was
determined from SEM images. The compositional analysis
of the selected areas was determined by an attached energy
dispersion X-ray spectroscope (EDS) system. The phase
composition and crystallinity of the sintered ceramics were
determined using an X-ray diffractometer (XRD) (CuKa,
l¼1.54059 Å, Model D8-Advance, Bruker, Germany).The
bulk density of the samples was measured using the
Archimedes method [15].

2.3. Electrical property measurement

The DC electrical measurements at room temperature
were measured using a V–I measure unit (Model CJ1001,
Changzhou Chuangjie Lightning Protection Co., Ltd.,
China). The current was recorded by increasing the applied
voltage step by step manually to characterize the electric
field–current density (E–J) behavior of different ZnO-
based varistor ceramics. The nominal varistor voltages
(VN) at 1.0 mA was measured and the threshold voltage
E1 mA (V/mm) (E1 mA¼VN (1 mA)/H; H is the thickness of
the sample in mm). The leakage current (IL) was measured
at 0.75VN (1 mA), the leakage current density (JL) was
calculated by JL¼IL/S, where S is the silver electrode area.
The nonlinear coefficient a was obtained from the equa-
tion: a¼1/lg(V1 mA/V0.1 mA), the V1 mA and V0.1 mA are the
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Fig. 1. XRD patterns of rare earth doped ZnO varistor ceramics sintered

at 1100 1C for 2 h.

Fig. 2. SEM images of rare earth doped ZnO varistor ceramics sinter
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electric voltages corresponding to 1.0 mA and 0.1 mA,
respectively.
3. Results and discussion

The XRD patterns of the ZnO-based varistor ceramics
doped with Nd2O3 and various Y2O3 sintered at 1100 1C
for 2 h are shown in Fig. 1. The XRD patterns reveal the
presence of primary phase ZnO and Bi2O3, Zn7Sb2O12,
Y2O3, Nd-rich phase and Y-containing Bi-rich phase as
minor secondary phases. As the Y2O3 content increases in
the samples, additional peaks are evident due to the
formation of Y2O3 phase in the varistor ceramics. At the
same time, some of the peaks corresponding to spinel
phase of Zn7Sb2O12 diminish with higher content of
rare earth.
Fig. 2 shows the SEM micrographs of ZnO-based

varistor ceramics with Nd2O3 and various Y2O3 contents
ed at 1100 1C for 2 h: (a) A1, (b) A2, (c) A3, (d) A4 and (e) A5.
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varistor as a function of Y2O3 content sintered at different temperatures.
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sintered at 1100 1C for 2 h. The microstructure consists of
ZnO grain as a primary phase and an inter-granular layer
as a secondary phase. It can be observed the average grain
size decreases from 6.19 to 3.18 mm with increasing Y2O3

content shown in Fig. 2a–e. As the Y2O3 content increases,
the crystallite sizes of the secondary phases including
Nd-rich phase, Y2O3 phase and Y-containing Bi-rich phase
become smaller and the quantities increase dramatically.
The inter-granular phase gradually more distributes at the
grain boundaries and particularly the nodal points, which
might be due to formation of smaller grain size of ZnO
in these samples. The appearance of these XRD peaks
may also indicate the development of Nd-rich phase and
Y-containing Bi-rich phase in the form of Zn–Bi–Sb–Cr–
Co–Y–Nd–O as observed in EDS [8]. As shown in the
EDS analysis in Fig. 3, no Nd peak and Y peak can be
found in the ZnO grain within the EDS detection limit. It
is believed that this is attributed to the segregation of Nd
and Y toward grain boundaries due to the difference of
ionic radius. The Nd-rich phase and Y-containing Bi-rich
phase act as a growth moderator for ZnO grain at the
grain boundaries and hinder ion transfer.

Fig. 4 shows the relative density of the 0.25 mol%
Nd2O3 added-ZnO based varistor as a function of Y2O3

content sintered at different temperatures for 2 h. The
results show that the higher the sintering temperature is,
the lower the density of the varistor ceramics is. This is
related with the vaporization of Bi2O3 from the ZnO-based
varistor ceramics. The melting point of Bi2O3 is 825 1C,
which decreases to 750 1C when coexisting with ZnO [1].
Hence, a liquid phase is formed when sintered at 1050–
1150 1C. Generally, the varistor ceramics sintered at
Fig. 3. EDS analyses of marked points of ZnO-based varistor ceramics do

(2) ZnO grain.
1050 1C have the maximum density. The higher the
sintering temperature is, the more the Bi2O3 volatilizes.
Hence, the densification that occurs during sintering
depends on the Bi2O3 vaporization [16]. It is noted that
the relative densities almost increase with Y2O3 content
when Y2O3 content is r0.14 mol%. It is well known that
atomic weight of Zn (65.39 g) is less than the atomic weight
of Y (88.91 g), and Y3þ ion has a larger radius (0.093 nm)
than that of Zn2þ ion (0.074 nm). Thus, initial additions of
Y2O3 mainly change grain size and phase distribution
[17,18]. The initial increase in densification may be due to
great atomic weight of Y element. However, the decrease
ped with 0.25 mol% Nd2O3 and 0.5 mol% Y2O3: (1) nodal point and
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in the relative density of the varistor ceramics with higher
Y2O3 content may be due to the increase of inter-granular
porosity resulting from fine grain size [19].

Fig. 5 shows the electric field–current density (E–J)
characteristics of the ZnO-based varistor ceramics for
different contents of Nd2O3 and Y2O3 sintered at different
temperatures. The varistor properties are characterized by
non-ohmicity in the E–J characteristics. It is observed that
the JL for all the varistor samples increases slowly below a
breakdown/threshold voltage and above this electric field
there is a sudden rise in JL. It is clearly shown that the
conduction characteristics can be divided into two regions,
which are of very high impedance in pre-breakdown at low
field and very low impedance in breakdown at high field.
The sharper the knee of the curves between the two regions
is, the better the nonlinear property is [20]. The un-doped
rare earth sample (A0) showed very poor non-ohmic
properties. On adding 0.25 mol% Nd2O3 and proper
amounts of Y2O3, the knee gradually becomes more
Fig. 5. Electric field to current density (E–J) curves of rare earth co-doped ZnO-based varistor ceramics sintered at different temperatures. (a) 1050 1C,

(b) 1100 1C and (c) 1150 1C.
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pronounced. Therefore, the incorporation of Nd2O3 and
Y2O3 seems to remarkably enhance varistor properties. It
is noticed that the E–J curve of the ceramic sample doped
with 0.25 mol% Nd2O3 and 0.10 mol% Y2O3 has good
varistor properties and low current density values.

Fig. 6 shows the variation of the threshold voltage of the
0.25 mol% Nd2O3 added ZnO-based varistor ceramics as a
function of Y2O3 content sintered at different tempera-
tures. When the sintering temperature is fixed, the thresh-
old voltage increases with the increase of Y2O3 content
except at 1050 1C. The minimum value of the threshold
voltage is 247.1 V/mm for un-doped sample A0 sintered at
1150 1C, and the maximum threshold voltage of 1288.8
V/mm can be obtained for the 0.3 mol% Y2O3 doped
sample A3 sintered at 1050 1C. The stabilizing effect of
segregated Y3þ cations on ZnO grain can inhibit the
growth of ZnO grains, resulting in smaller grain size.
Therefore, the fine crystalline microstructure of the ZnO-
based ceramics can improve the threshold voltage. It is
observed that the breakdown voltage decreases with the
increase of the sintering temperature for the same samples,
which is attributed to the decrease in the number of grain
boundaries caused by the increase of the ZnO grain size.
This is very effective for high voltage varistor with a
compact size.

Fig. 7 illustrates the variation of the nonlinear coefficient
with various contents of Y2O3 in the 0.25 mol% Nd2O3

doped-ZnO based varistor ceramics sintered at different
temperatures. It is found that only Nd2O3 doped-ZnO based
varistor ceramics show high nonlinear coefficient, which is
well in agreement with the report by Namh et al. [11] and
Wang et al. [12]. It can be seen that the nonlinear coefficient
initially increases and then decreases with the increase of
Y2O3 content. The nonlinear coefficient varies from a
maximum value of 70.2 to a minimum value of 4.8 in the
ZnO-based varistor ceramics sintered at 1100 1C. The
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Fig. 7. Variation of nonlinear coefficient a with various contents of Y2O3

doped 0.25 mol% Nd2O3 added ZnO based varistors sintered at different

temperatures.
nonlinear coefficient characterizing nonlinearity of a varistor
is derived from the E–J curves shown in Fig. 5. It is believed
that doping appropriate Nd2O3 and Y2O3 content in ZnO-
based varistor ceramics can markedly enhance nonlinearity
characteristics. This is involved in the formation of inter-
facial states and deep bulk traps, both of which contribute
to the highly nonlinear properties [21]. However, the sinter-
ing temperature has an indefinite effect on the nonlinear
coefficient.
Fig. 8 depicts the variation of the leakage current (JL) with

various contents of Y2O3 in the 0.25 mol% Nd2O3 doped-
ZnO based varistor ceramics sintered at different temperatures.
It can be found that all samples have low value of leakage
current when the content of Y2O3 is r0.3 mol%. However,
excess doping Y2O3 (40.3 mol%) significantly results in the
increase of leakage current, which may be due to the increase
of inter-granular porosity which leads to larger leakage
current. On the other hand, the leakage current is also affected
by sintering temperature in the range of 1050–1150 1C, as
shown in Fig. 8. Typically, the ceramic sample doped with
0.25 mol% Nd2O3 and 0.10 mol% Y2O3 sintered at 1100 1C
has good varistor properties of JL¼1.51 mA/cm

2, a¼70.2, and
E¼406 V/mm.
4. Conclusions

The microstructure and electrical properties of ZnO-
based varistor ceramics doped with Nd2O3 and different
Y2O3 contents have been investigated. The XRD and EDS
analyses of the samples show presence of primary phase
ZnO, and Bi2O3, Zn7Sb2O12, Y2O3, Nd-rich phase as well
as Y-containing Bi-rich phase as minor secondary phases.
The results show that the threshold voltage of the samples
co-doped with Nd2O3 and Y2O3 is higher than the only
Nd2O3 doped sample. The average size of ZnO grain is
found to decrease with the increase of Y2O3 content. It can
be seen that the nonlinear coefficient initially increases and
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then decreases with the increase of Y2O3 content. When the
content of Y2O3 is 0.1 mol%, a big nonlinear coefficient of
ZnO-based varistor ceramics can be obtained. It is believed
that doping appropriate contents of Nd2O3 and Y2O3 can
markedly enhance nonlinearity characteristics of ZnO-
based varistor ceramics. All samples have low value of
leakage current when the content of Y2O3 is r0.3 mol%.
The varistor ceramics added with 0.25 mol% Nd2O3 and
0.10 mol% Y2O3 sintered at 1050 1C exhibits excellent elec-
trical properties with the threshold voltage of 556.4 V/mm,
the nonlinear coefficient of 61 and the leakage current of
1.55 mA/cm2. The results confirm that doping Nd2O3 and
Y2O3 is a very promising route for the production of the
higher nonlinear coefficient and the higher threshold voltage
ZnO-based varistor ceramics, and determining the proper
amounts of addition of Y2O3 is of great importance.
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