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Y(NOs)3-6H,0-doped ZnO-Bi;03-based varistor ceramics were prepared using a solid reaction route.
The microstructure, electrical properties, degradation coefficient (Dy), and dielectric characteristics of
varistor ceramics were studied in this paper. With increasing amounts of Y(NO3);-6H,0 in the start-
ing composition, Y-containing Bi-rich, Y,0s3, and Sb,04 phases were formed, and the average grain size
decreased. Results also showed that with the addition of 0.16 mol% Y(NOs )3-6H,0, Y(NO3);-6H,0 -doped
Zn0-based varistor ceramics exhibit comparatively better comprehensive electrical properties, such as a

Iég:v,fﬂrff threshold voltage of 425 V/mm, a nonlinear coefficient of 73.9, a leakage current of 1.78 A, and a degra-
Varistors dation coefficient of 1.7. The dielectric characteristics and lightning surge test also received the same

additional content of Y(NOs3)3-6H,0. The results confirmed that doping with rare earth nitrates instead

Rare earth alloys and compounds
of rare earth oxides is very promising route in preparing high-performance ZnO-Bi,0s-based varistor

Microstructure

Electrical properties ceramics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Varistors can detect and limit high transient voltage surges and
can repeatedly endure such surges [1,2]. They are usually used
to sense and limit transient voltage surges. ZnO varistor ceram-
ics show a highly nonlinear current-voltage characteristic with a
highly resistive state in the pre-breakdown region that has a large
non-linear coefficient [1-10]. Zinc oxide-based varistor ceramics
are widely used in electronic appliances, such as voltage surge’s
protection devices, and especially in high-voltage lines. Commer-
cial varistor ceramics are usually made by a solid state process using
ZnO particles with dopant oxides, such as Bi, 03, Sb,03, Co,03,
MnO,, and Cr,03. The mixed powder is then pressed and sin-
tered at high temperature. This produces a complex microstructure,
in which conducting ZnO grains, an electrically insulating sec-
ondary spinel phase, and a Bi-rich inter-granular phase, are attained
[11-14].

High-voltage varistor ceramics require a fine-grained
microstructure and some methods report the development of
high-voltage gradient ZnO varistor ceramics. To reduce ZnO
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varistor size and increase its voltage gradient, different measures
are adopted. In the past, one method decreased the sintering
temperature of ZnO varistor ceramics to reduce the growing
velocity of ZnO grains, and shortened the temperature-keeping
time to decrease the growing time of ZnO grains. However, voltage
gradient can only be increased a little. Another method added
a suitable amount of Sb,03 to inhibit the growth of ZnO grains.
The Zn;Sb,01, spinel phase generated in the sintering process
is distributed around ZnO grains to inhibit their growth because
spinels formed in the grain boundary block the motion of the liquid
Bi; 03 grain boundary by dragging and pinning effect. Recently, the
possibility of improving electrical characteristics by introducing
Y, 03 to varistor ceramics has been confirmed [15-22]. Bernik et al.
[15] investigated microstructural and electrical characteristics of
Zn0-Bi,03-based varistor ceramics doped with 0-0.9 mol% Y,0s.
The addition of Y,03 results in the formation of a fine-grained
Bi-Zn-Sb-Y-0 phase along ZnO grain boundaries, which inhibits
ZnO grains growth. The average ZnO grain size decreases from
11.3 to 5.4 mm with an increase in the amount of Y,03. Threshold
voltage (V) of varistor ceramics increases from 150 to 274 V/mm.
The nonlinear coefficient («) is not influenced and remains at
approximately 40. The leakage current (I ) also increases with
the addition of Y,0s. Liu et al. [23] reported on ZnO-Bi,03-based
varistor ceramics doped with 0-3 mol% Y,03. The mean grain size
of varistor ceramics decreased from about 9.2 to 4.5 wm, with an
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Table 1
Density and electrical properties of Y(NO3)3;-6H,0 doped ZnO-Bi,03-based varistor ceramics.
Sample D (%) Vr (V/mm) d(pm) Vep (V) o I (nA) Dy (%)
YDO 94.5 340 8.00 2.72 271 1.60 -
YD1 93.5 339 6.99 2.37 52.8 0.93 3.1
YD2 94.8 425 6.16 2.62 73.9 1.78 1.7
YD3 94.9 535 4.99 2.67 48.1 2.73 74.0
YD4 93.6 679 3.99 2.71 12.7 25.80 86.1

increase in Y03 from O to 3 mol%. The corresponding varistor’s Vg
markedly increased from 462 to 2340 V/mm, whereas « decreased
from 22.3 to 11.5. However, although some rare earth oxides, such
as Lay0s3, Er,03, Luy03, and Dy,03, were used to improve the
electrical characteristics of ZnO-Bi,03-based varistor ceramics,
their nonlinearity deteriorated [15,24].

In this paper, the effect of Y(NO3)3-6H,0 (abbreviated as YN)
on the microstructure and the electrical response of ZnO-Bi,03-
based varistor ceramics is studied, and the mechanism by which
this doping improves the electrical characteristics of ZnO-Bi,03-
based varistor ceramics, especially nonlinearity, is discussed.

2. Experimental procedures

Reagent-grade raw materials were used in the proportions (96.5-x) mol% ZnO,
0.7 mol% Bi; 03, 1.0 mol% Sb, 03, 0.8 mol% Co, 03, 0.5 mol% Cr, 03, 0.5 mol% MnO-, and
xmol% YN, for x=0, 0.04, 0.16, 0.40 and 2.00 (samples labeled YDO, YD1, YD2, YD3
and YD4, respectively). After milling, the mixture was dried at 70°C for 24 h, then
the powder was calcined at 700 °C for 2 h in air. The calcined powder mixture was
milled again for 1 h to eliminate large powder lumps. The powders were then dried
and pressed into discs of ~12 mm diameter and thickness of 2.0 mm. The pressed
disks were sintered in air at 1100 °C (2 h dwell time), using a heating rate of 5 °C/min
and then cooled in the furnace. The sintered samples were lapped and polished and
then the final samples were about 10 mm in diameter and 1.0 mm in thickness. The
bulk density of the samples was measured in terms of their weight and volume
[25,26].

For the characterization of DC current-voltage, the silver paste was coated on
both faces of samples and the silver electrodes were formed by heating at 600 °C for
10 min. The electrodes were 5mm in diameter. The voltage-current (V-I) charac-
teristics were measured using a V-I source/measure unit (CJP CJ1001). The nominal
varistor voltages (V) at 0.1 and 1.0 mA were measured and the threshold voltage V¢
(V/mm) (Vr =Vn(1 mA)/t; t is the thickness of the sample in mm) and the nonlinear
coefficient o (o =1/10g(V1ma/Vo.1ma)) were determined. The leakage current (I ) was
measured at 0.75 Vy (1 mA) [12,13,16,27-31]. The lightning surge test of YN doped
Zn0-Bi,03-based varistor ceramics was measured by short duration shocks of 1 kA,
8/20 s, and the degradation coefficient Dy, Dy = 100(|Vyp, — Vsal)/Vep, Where Vg, and
Vsa are the respective threshold voltages before and after degradation by short dura-
tion shocks of 1 kA. The dielectric characteristics [32], such as the apparent dielectric
constant (&) and dissipation factor (tan §) were measured as a function of frequency
(1kHz to 10 MHz) and at room temperature using an HP4294A impedance analyzer
(Agilent).

The surface microstructure was examined by a scanning electron microscope
(SEM, FEI QUANTA 400). The average grain size (d) was determined by the linear
intercept method, given by d=1.56L/MN, where L is the random line length on the
micrograph, M is the magnification of the micrograph, and N is the number of the
grain boundaries intercepted by lines. The crystalline phases were identified by an
X-ray diffractometry (XRD, Rigaku D/max 2200, Japan) using a Cu Ko radiation.

3. Results and discussion

Crystalline phases identified by powder XRD and spectra of
samples doped with and without various amounts of YN, sintered
at 1100°C for 2 h, are shown in Fig. 1. ZnO-Bi,03-based varistor
ceramics typically consist of ZnO grains, spinel, and intergranular
Bi-rich phase. In the sample without YN, the ZnO, Zn;Sb,01;-
type spinel, the Bi3Zn;Sb3014, and the Bi, O3 phases are identified.
However, in the samples doped with YN, the peak of the Zn;Sb,015-
type spinel phase becomes weaker with the addition of YN [24],
nearly vanishing when the amount of YN is increased to 2.00 mol%.
With an increase in the amounts of YN in the starting composi-
tion, the Y-containing Bi-rich phase (Bi; gY(.103 phase according to
JCPDF 39-0275), the Y,03 phase, and the Sb,04 phase are revealed
using XRD analysis. This is so because the addition of YN affects

the time that the mixture spends in the liquid phase and, as this
becomes longer, the vaporization of Bi; O3 from ZnO-Bi,03-based
varistor ceramics becomes significant [12,27,33,34]. In the mean-
time, doping with YN affects the formation and decomposition of
Bi3Zn,Sb3014 pyrochlore, which promotes the generation of new
phases, such as the Y-containing Bi-rich phase, the Y,03 phase, the
Sb,04 phase, and so on.

Figs. 2 and 3 show microstructures of ZnO-Bi;03-based varistor
ceramics doped with various amounts of YN. As the concentration
of YN increases, average grain size is significantly reduced, from
7.98 to 3.99 wm. At the same time, crystallite sizes of the Y503
phases become smaller but the quantities increase dramatically,
slightly different from the sample without YN doping. Majority of
the new phases are much more segregated at multiple ZnO grain
junctions than between two ZnO grains. Inasmuch as the diam-
eter of a rare earth cation is larger than that of a Zn?* cation, it
is possible that the Yttrium cation was not properly dissolved in
the ZnO grains. With an increase in YN content, the Y-rich phase
becomes more distributed at multiple ZnO grain junctions, and
the Y-rich phase between two ZnO grains is more discontinuously
distributed [16,24,35]. At the same time, the size of ZnO grains
decreases uniformly when the amount of YN increases, which has
some influence on the electrical properties of varistor ceramics. In
summary, YN doping can inhibit grain growth, just like rare earth
oxides.

The influence of YN concentration on characteristics, including
relative density (D), Vr, «, I, and degradation coefficient (Dy) of
Zn0-Bi,03-based varistor ceramics sintered at 1100°C for 2h, is
presented in Table 1.

Doping with YN has little influence on the density of ZnO-Bi, O3-
based varistor ceramics. With an increase in YN concentration, D
increases slightly from 93.5% to 94.9%. This trend is similar to D
for Y,03-doped ZnO-Bi;03-based varistor ceramics, the difference
being that D of Y,03-doped ZnO-Bi;03-based varistor ceramics
is higher than D of YN-doped ones [36]. This may be because YN
makes the composition more uniform, and the average ZnO grain
size becomes very fine. The very fine grain size gives birth to more
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Fig. 1. XRD patterns of ZnO-Bi03-based varistor ceramics doped with various
amounts of Y(NO3);-6H,0.
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Fig. 2. SEM of ZnO-Bi;03-based varistor ceramics doped with various amounts of Y(NOs);-6H,0 (a) YDO; (b)YD1; (c) YD2; (d) YD3 and (e) YD4.

porosity during the sintering of YN-doped ZnO-Bi,O3-based varis-
tor ceramics. This may be attributed to the decomposition of YN
during sintering. The subsequent porosity of YN-doped varistor
ceramics increases.

With an increase YN concentration, Vr is markedly increased
in the range of 340-679V/mm along with a decrease in average
grain size of ZnO (Figs. 2 and 3). At the same time, breakdown volt-
ages per grain boundary (V) of the samples are all in the range
of 2-3V, according to reports [37,38]. Vg, is determined based on
the expression Vg, =Vqma/n=dVr, where n is the number of grain
boundaries arranged as the series between both electrodes, and

d is the average grain size. However, change in the value of V,
for YN-doped ZnO-Bi, 03-based varistor ceramics is different from
Vgp, of Y203-doped ZnO-PrgO1-based varistor ceramics [35]. The
difference possibly arises from the microstructure. There are only
two phases in Y,03-doped ZnO-PrgOq1-based varistor ceramics,
and more than two phases in YN-doped ZnO-Bi,03-based varistor
ceramics. Vg, of YN-doped ZnO-Bi; 03-based varistor ceramics first
decreases then increases, reaching a minimum when doped with
0.04 mol% YN.

The value of « for varistor ceramics without YN is only 27.1,
whereas « values of varistor ceramics with YN are in the range of
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Fig. 3. Backscattered electron (BE) images of ZnO-Bi,03-based varistor ceramics doped with various amounts of Y(NO3)3;-6H,0 (a) YDO; (b)YD1; (c) YD2; (d) YD3 and (e)

YD4.

48.1-73.9, achieving a maximum (YD2, 73.9), which is 273% higher
with respect to the composition of YDO (varistor ceramics without
YN) with the addition of 0.04-0.40 mol% YN. When YN concentra-
tion is higher than 0.40 mol%, o decreases abruptly with an increase
in YN doping. The incorporation of YN (0.04-0.40 mol%) can
increase « significantly. The significant improvement of & obtained
for varistor ceramics with YN is accounted for by microstructure
uniformity and narrowed grain size distribution compared with
varistor ceramics without YN.

When the amount of YN is more than 0.40 mol%, the number of
the spinel phase and the Y-containing Bi-rich phase is increased sig-

nificantly. The size of the spinel phase and the Y-containing Bi-rich
phase becomes smaller and smaller. Then, microstructure unifor-
mity becomes worse and « decreases, which may be related to the
formation of the Y-containing Bi-rich phase, which affects the dis-
tribution of other dopant cations along the grain boundary. With
the formation of the Y-containing Bi-rich phase with traces of other
added oxides in YN-doped samples, the concentration and the dis-
tribution of Bi,O3 and other additives in the grain boundary are
modified. Nevertheless, Bi; O3 is considered an essential additive
that improves nonlinear characteristics. As a result, « deteriorates
in the samples doped with YN.
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Fig.4. Electric field—current density (E-J) characteristics of ZnO-Bi;O3-based varis-
tor ceramics doped with various amounts of Y(NO3 )3-6H,0.

In all the samples, when the amount of YN dopant increases
from 0 mol% to 2.0 mol%, I initially decreases and then increases.
When the amount of YN is less than 0.40 mol%, I, shows little
change, but when the amount of YN is more than 0.40 mol%, I
increases sharply by up to 1613% compared with I of the sample
without YN. At the same time, when ZnO-Bi,03-based varis-
tor ceramics are doped with 2.00 mol% YN, there is an increase
in the second phases, such as the Zn;Sb,01,-type spinel phase
and Bi3Zn,Sb3014-type pyrochlore phase. With an increase in YN
concentration, the amount of second phases increases and the
microstructures become nonuniform. Consequently, o decreases,
and I increases. In general, variation in I is opposite that of
«. Iy is a result of most electrons passing over the Schottky
barrier at grain boundaries. Therefore, the lower the barrier
height, the higher I, is, and the lower « is [12,29,35,39,40].
Decrease in I is attributed to an increase in activation energy
(the average energy needed for electrons to overcome the Schot-
tky barrier) and the homogeneous distribution of the limited
amount of varistor dopants available in these samples. Inas-
much as I is directly related to degradation, which is discussed
later on, I, should be as low as possible for various applications
[35].

Values of Dy first decrease and then increase with the addi-
tion of YN, and achieve a minimum value when the sample is
doped with 0.16 mol% YN. The undoped sample is burst by short
duration shocks of 1kA, 8/20 ws, but samples doped with YN are
not. Between 0.04 mol% and 0.16 mol% of YN, Dy is better (around
2%). However, beyond 0.16 mol%, it becomes higher (up to 74%).
Therefore, degradation performance can be optimized by adding
an appropriate concentration of YN.

Fig. 4 shows electric field-current density (E-J) curves of
Zn0-Bi,03-based varistor ceramics with various concentrations
of YN. The curves show that conduction characteristics are
divided into two regions, namely, a linear region before the
breakdown field and a non-linear region after the breakdown
field. The sharper the knee of the curves between the two
regions, the better the non-linear property is [41]. In Fig. 4,
E-] curves show that nonlinear properties increase in the order
of YD2 — YD1 — YD3 — YDO — YD4. V¢ increases in the order of
YD4 — YD3 — YD2 — YDO — YD1, as shown in Table 1.

In addition, results also show that with the addition of 0.16 mol%
YN, YN-doped ZnO-Bi,03-based varistor ceramics exhibit compar-
atively better comprehensive electrical properties, and that the E-J
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Fig. 5. Dielectric characteristics versus frequency of Y(NOs);-6H,O doped
Zn0-Bi,03-based varistor ceramics.

curve is the best, with V1 at 425V/mm, « at 73.9, I at 2.62 p.A, and
Dy at 1.7.

Fig. 5 shows the frequency dependence of the dielectric
parameters of ZnO-Bi,03-based varistor ceramics with various
concentrations of YN. In the range of 1kHz to 10 MHz, the doping
of YN has a strong influence on an apparent dielectric constant,
which decreases gradually as frequency increases. The property
is associated with the polarization of dielectrics. In general, the
apparent dielectric constant of ZnO-Bi,03-based varistor ceram-
ics is in the range of 1200-1400. Inasmuch as, of all the samples,
only sample YD2, doped with 0.16 mol% YN, has an apparent dielec-
tric constant in the range of 1200-1400, this sample has the best
nonlinear performance. Variations in the dissipation factor, with
an increase in frequency, form a complicated curve known as the
dielectric dispersion phenomenon. Generally speaking, the dissi-
pation factor decreases as frequency increases until a minimum is
obtained, then it increases to a maximum before decreasing again.
Abnormal dielectric dispersion is not seen clearly through an appar-
ent dielectric constant curve, but is seen clearly at about 100 kHz
from the dissipation factor. In general, peak of the dissipation factor
is relatively low when a sharper dielectric dispersion, called abnor-
mal dispersion, is not exhibited saliently in the range of 10°-10° Hz
[42-45].



D. Xu et al. / Journal of Alloys and Compounds 509 (2011) 9312-9317 9317

4. Conclusions

The microstructure and electrical properties of ZnO-Bi,0O3-
based varistor ceramics doped with different concentrations of YN
were investigated. With an increase of YN concentration, the rel-
ative density changed slightly from 93.5% to 94.9%, the threshold
voltage was significantly increased from 340 to 679 V/mm, the non-
linear coefficient values first increased and then decreased in the
range 12.7-73.9, while the leakage current first decreased then
increased. With increasing amounts of YN in the starting compo-
sition, Y-containing Bi-rich, Y,03, and Sb,04 phases were formed,
and the average grain size decreased. The results also showed that
with the addition of 0.16 mol% YN, YN-doped ZnO-based varis-
tor ceramics exhibit comparatively better comprehensive electrical
properties, namely the threshold voltage was 425 V/mm, the non-
linear coefficient was 73.9, the leakage current was 1.78 pA and
the degradation coefficient of 1.7. The dielectric characteristics and
lightning surge test also received the same additional content of
YN. The results confirmed that doping with rare earth nitrates
instead of rare earth oxides is very promising route in preparing
high-performance ZnO-Bi, O3-based varistor ceramics.
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