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ABSTRACT This paper investigated the effects of sintering temperature on the microstructure and electrical
properties of ZrO,-doped zinc oxide (ZnO) varistor ceramics. The results show that, the additive ZrO, exists
as independent second phase between ZnO grains, which can limit the growth of ZnO grains and improve
the voltage gradient. With the increasing of ZrO», the content of extrinsic elements (Mn, Sb, Co, Cr) in the
grain boundary layers tends to increase first and then decease. When ZrO> content is more than 1.0mol%,
the electrical performance of ZnO varistors decreases sharply. With the increasing of sintering temperature,
the ZnO grain size increases and the voltage gradient decreases. When the sintering temperature is larger
than 1200°C, more monoclinic ZrO; phase transformed into cubic phase, and more micropores are generated,
causing the non-linear coefficient to decrease and the residual voltage ratio and leakage current to increase.
With a sintering temperature of 1150°C and a ZrO; content of 1.0mol%, the ZnO varistors can reach the
overall optimum electric performance, exhibiting a breakdown voltage of E1pa = 420V/mm, a nonlinear
coefficient of @ = 58, a residual voltage ratio of Cr = 1.87, and a leakage current of /1, = 41 A. The studies

in this paper can give reference for the development of high quality ZnO arresters.

INDEX TERMS Varistors, temperature control, ceramics.

I. INTRODUCTION

Because of the excellent nonlinear V-I characteristics and
energy absorption capability, metal oxide arresters (MOAS)
are widely used in power systems to protect electric equip-
ments from transient over-voltages [1]-[5]. ZnO varistors,
which are the core components of MOAs, can be made by
mixing and sintering ZnO powder with other minor oxide
additives, such as Co03, MnO,, Bi;O3, Sb,O3, Cr,O3 and
so on [6]-[14]. As MOAs used in high voltage power sys-
tems are usually very long, in order to meet the require-
ments to save space in high voltage power systems, high
gradient ZnO varistors are needed [2], [4], [15]-[18]. At the
same time, nonlinear coefficient and residual voltage ratio
of the ZnO varistors can affect the insulation co-ordination
design of high voltage power systems, and it is necessary to
develop ZnO varistors with a high nonlinear coefficient and
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a low residual voltage ratio [10]-[13], [15], [19]. In addi-
tion, leakage current is also an important parameter of ZnO
varistors, which has a great influence on the service life of
MOAs [17], [20]-[23]. Thus, it is of great significance to
improve the voltage gradient of ZnO varistors with a small
leakage current, a high non-linear coefficient and a low resid-
ual voltage ratio.

In most industrial applications, ZnO varistors are manu-
factured by sintering the mixture of ZnO powder and traces
of metal oxide additives at a temperature from 1000°C to
1300°C [24]-[27]. In previous studies, it has been proved that
the electric characteristics of ZnO varistors are determined by
their microstructures, which can be effectively improved by
the introduction of metal oxides [28], [29]. Additive metal
oxides such as Cr,O3, CopO3 and MnO; can be used to
provide ions and form interstitial states, which ultimately
leads to the improvement of potential barrier [30]-[32]. The
influence of Sb,0Os3, TiO,, BaO, SiO;, Y03 and Cr,03
was studied, and these additives have been proved to be

VOLUME 7, 2019


https://orcid.org/0000-0002-4394-9238
https://orcid.org/0000-0003-1243-5207

P. Xie, J. Hu: Influence of Sintering Temperature and ZrO, Dopants

IEEE Access

effectively in improving the electric characteristics of ZnO
varistors [33]-[37]. Exist studies in [33] found that ZrO; can
improve the voltage gradient of ZnO varistors, but till now,
little work has been done to study the effects of ZrO, addic-
tives on the element distribution, crystal phase and electric
characteristics of ZnO varistors. It has been reported that
sintering temperature can effectively influence the electric
characteristics and microstructure of ZnO varistors [13], [2],
[17], [18], but little has been done to study the combined
effects of sintering temperature and ZrO, addictives.

In view of the above, in order to improve the electric
characteristics of ZnO varistors, this paper studied the com-
bined effects of ZrO, dopants and sintering temperature on
the microstructure and electrical properties of ZnO varis-
tors. X-ray diffraction (XRD) and scanning electron micro-
scope (SEM) coupled with energy dispersive spectrometer
(EDS) have been applied to study the phase evolution and
microstructure of the ZrO;-doped varistors. Bulk density of
the samples was measured, the V-1 characteristics, breakdown
voltage, residual voltage ratio as well as leakage current of
the manufactured ZnO varistors were obtained. Impedance
measurement was done to obtain the resistance of ZnO grains
and grain boundary layers. The experimental results were
analyzed and discussed, based on which suggested ZrO»
content and sintering temperature have been given to obtain
the optimum electric characteristics.

Il. EXPERIMENTAL

A. SAMPLE PREPARATION

Solid-state reaction method was adopted to manufacture
the ZnO varistors, and the compositions are as follow:
(94.85-x) mol% ZnO, 0.6mol% Bi;03, 0.59mol% MnO,,
1.0mol% Co,03, 0.34mol% CryO3, 1mol% Sb,0s3,
1.47mol% SiO,, 0.15mol% AI(NO)3-9H,O and x mol%
ZrOy(x = 0.0,0.2, 0.5, 1.0, 1.5, and 2.0). Reagent-grade raw
materials were used, the powders were firstly mixed in spe-
cific proportion with deionized water, then the mixed sizing
agent was subjected to high energy ball milling for 30min.
After milling, spraying granulating process was applied and
the mixed powder was pressed at discs of 40mm diame-
ter and 20mm thickness [17]. The density of the pressed
discs was 3.2g/cm>. The samples were then sintered at
temperatures from 1000°C to 1250°C for 6h in a furnace
(Daheng SG-XL1400, Shanghai). The heating rate is
1.5°C/min and the cooling rate is 2.5°C/min. When the sinter-
ing temperature is cooled to room temperature, an aluminum
electrode was finally coated on the surface of the samples.

B. CHARACTERIZATION

In order to indentify the crystal phase of the prepared sam-
ples, XRD analysis (8000 S/L, State Grid Corp, German)
has been applied for identification. SEM (XU3010, Leiyu,
Japan) was used for microstructure observations. The element
content in different parts of the crystal phases were identi-
fied using energy dispersive spectrometer (EDS, XMAX 70,
Texas Instruments, Japan).
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The V-1 curves of the samples in the small current
region have been obtained using an AC voltage-current
meter in State Grid Hunan corporation. The breakdown
voltage per millimeter (Ejya) was measured at the current
of 1.0mA, and the leakage current (/L) was obtained at
75% of the breakdown voltage. Ejma and I1, were obtained
using voltage generator and current meter(10xbc, Huatian,
China). The nonlinear coefficient («) can be calculated
as follow: [2], [16], [17]

o = log /> —logJi (1)
log E; —log E}

In Equation (1), J1 and J, mean current densities. J; is cho-
sen as 0.1mA/cm? and J> equals ImA/cm?. E| and E, are the
electric fields of the ZnO varistors corresponding to J1 and J5.
Impulse currents with a magnitude of 5kA and a waveform
of 4/10us were applied to the prepared samples, the residual
voltage was measured and residual voltage ratio (Cr) was
calculated.

The resistance of ZnO grain and grain boundary was
obtained using impedance analyzer. According to the electric
model of ZnO varistors in [2], [4], [10], [15]-[18], the resis-
tance of ZnO grain is much smaller than grain boundary,
and the grain boundary resistance can be measured when
the applied frequency is 0, and the ZnO grain resistance was
measured when the applied frequency is 13MHz [9]-[13].

Ill. RESULTS AND DISCUSSION
A. MICROSTRUCTURE AND XRD OBSERVATION
Fig. 1 shows the X-ray diffraction spectrums of the man-
ufactured ZnO varistors. The results show the presence
of ZnO phase and minor phase of Bi;O3, Zn;SiO4 and
Zn3 33Sbg 6704. Independent monoclinic and cubic phases of
ZrO» can also be observed. The XRD patterns of the tested
samples in Fig. 1 show little phase shifts with different ZrO,
contents.

According to Fig.1, using MDI Jade software, the crystal
structure can be obtained [15]. The sintering temperature and
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FIGURE 1. XRD patterns of ZnO varistors with various sintering

temperatures and ZrO, additives.
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FIGURE 2. SEM micrographs ZnO of samples with different ZrO2 contents and sintering at different temperatures.

TABLE 1. The diffracted intensity of ZrO, phase with different Zr0,
content and sintering temperature.

Diffracted intensity(a.u)
0.5mol% | 0.5mol% | 1.5mol% 1.5mol%
1000°C | 1200C | 1000°C 1200°C
Monoclinic | = 5, 0.045 0.173 0.137
phase
Cubic 0.01 0.022 0.028 0.065
phase

additive ZrO, content influence little on the crystal structure
of hexagonal ZnO phase, the lattice parameters of ZnO are:
a=b=3.24A, ¢ = 5.19A, B = 90°. The cell volume is
1.42x 10728 m. The additive ZrO, exists as independent sec-
ond phase and do not reacted with or dissolved into ZnO
grains during the sintering process. The lattice parameters of
cubic ZrO, phase are: a=b=c=5.2A, B = 99°, the cell vol-
ume is 1.39x1072%m. The lattice parameters of monoclinic
ZrO; phase are: a=b=c=5.1/3;, B = 90°, the cell volume is
1.33x 10 2m.

Assuming the diffraction intensity of ZnO to be 1 a.u, the
diffracted intensity variation of different ZrO, phase with
additive ZrO, content and sintering temperature is shown in
Table 1. With the increasing of ZrO; content, both mono-
clinic and cubic ZrO; phase increases. With the increasing of
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sintering temperature, a part of monoclinic ZrO, phase trans-
formed into cubic phase, into which the co-added tran-
sition metal-oxides such as Sb, Cr, Mn and Co can be
dissolved [33].

Fig. 2 shows the SEM microstructure of the prepared
samples. The ZrO; content ranges from Omol% to 2.0mol%,
and the specimens were sintered between 1050°C to 1250°C.
As shown in the figure, the microstructure of the ZnO varistor
consists of the ZnO grains, the grain boundary layers and
small particles located at the grain junctions. The ZnO grain
size d decreases with ZrO; content and increases with sin-
tering temperature. According to previous studies [13], [15],
[19], [20], ZnO grains are mainly composed of ZnO crystals,
and the grain boundary layers are mainly composed of Bi; O3,
which acts as solvent and can dissolve the extrinsic elements.
Excessive Bi;O3 can also promote the formation of spinal
phases(Sb, Cr, Co, Mn). The spinal phases and ZrO; particles
located at grain junctions can restrain the growth of ZnO
grains.

In order to analyze the element composition of the prepared
7Zn0O varistors, ZnO resistors with a ZrO, content of 2.0mol%
and a sintering temperature of 1150°C were selected as sam-
ples for EDS analysis. The element distribution at each test
point is shown in Table 2, it can be seen that, little Zr can be
detected in test point 1 (spinel) and test point 2 (ZnO grain),
while the content of Zr in point 3(ZrO, particle) increases
significantly.
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FIGURE 3. EDS pattern of the sample with 2mol% ZrO2 content and 1150°C sintering temperature.

TABLE 2. The element contents at different locations of ZnO resistance.

Position Zn Zr Sb Mn Co Cr

Point 1 59.2%  0.7% 11.2%  1.7%  2.9% 3.4%

Point2  89.6% 0.4% 0.6% 0.2% 1.2% 0.2%

Point 3 81.1%  3.3% 1.6% 0.3% 1.4% 0.3%

Fig. 4 shows the variation of extinct element content (Sb,
Cr, Co, Mn) with ZrO, content and sintering temperature
obtained by EDS analysis. It can be seen that, in ZnO
grains, ZrO, additive and sintering temperature affect little
on the extinct element content. In grain boundary layers,
when additive ZrO, content is less than 1.0mol%, the content
of extrinsic elements increases slightly with ZrO; content.
When ZrO; content is more than 1.0mol%, the content of
extrinsic elements in the grain boundary layers decreases.
This phenomenon is mainly because that, when ZrO, content
is less than 1.0mol%, the increasing of ZrO, content can
restrain the growth of ZnO grains and promote the formation
of the grain boundaries, leading to more extrinsic elements
dissolving into grain boundaries [15]. When ZrO, content
continues to increase, as shown in Table 1, excessive grain
boundaries and cubic phase ZrO, are generated, as cubic
phase ZrO; can dissolve extrinsic elements, the concentra-
tion of extrinsic elements content in grain boundary layers
decreases.

In order to explain the variation of extrinsic ele-
ments with sintering temperature in Fig.4, the formula of
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evaporation enthalpies of composites is introduced and
expressed as below [11]-[13], [15], [19] :

T\ InPC —1.013
HVAP| = 1.093RT [( ) (e 2
: e Qoo -y @

where R is constant, T is sintering temperature, PC is the
critical pressure and 7C is the boiling point of composites.
From the equation above, it can be seen that, when sintering
temperature is lower than 1150°C, the temperature is below
the boiling point of Bi»O3, the extrinsic element content in
grain boundary layers changes little. When sintering tem-
perature is higher than 1200°C (boiling point of BiyO3),
the volatilization effects of extrinsic elements become obvi-
ous [18], leading to the decreasing of extrinsic elements in
grain boundary layers.

B. DENSIFICATION AND GRAIN GROWTH

The influence of ZrO, content and sintering temperature on
the average grain size of ZnO varistors was obtained by
linear intercept method [14], [17], which can be expressed
as follow: draw a straight line in the microscope, count the
number of grains intercepted in the straight line, then the
average grain size can be obtained as d = L/M, in which
L is the length of the straight liner and M is the ZnO grain
number.

As shown in Fig. 5, it is confirmed that, the ZrO, exists
as independent second phase and can restrain the growth of
7ZnO grains, under the same sintering temperature, the ZnO
grain size decreases with ZrO; content. The growth of ZnO
grains is decided by the diffusion of atoms in ZnO varistors,
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FIGURE 5. Influence of ZrO, dopants and sintering temperature on
average grain size.

as sintering temperature become higher, the atomic diffusion
velocity and ZnO grain size increases [4]—[10]. Bulk den-
sity can greatly affect the energy capacity of ZnO varistors,
the influence of sintering temperature and ZrO, content on
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FIGURE 7. Influence of ZrO, content on the V-1 characteristics with the
sintering temperature of 1150°C.

the bulk density is shown in Fig.6, when sintering temperature
is lower than 1100°C, the density of the sample increases
with sintering temperature, and finally reach the max value
(98% of the theoretical density, 5.67g/cm?®). When sintering
temperature is lower than 1100°C or higher than 1200°C,
bulk density of ZnO varistors with more than 1.0mol% ZrO,
tend to decrease obviously. It is because that, when sinter-
ing temperature is lower than 1100°C, the growth of ZnO
grains is incomplete, and the micropores in the green-pressing
varistors are unfilled. When sintering temperature is higher
than 1200°C, the volatilization effects become obvious and
excessive micropores are also generated [18]. As ZrO; can
restrain the growth of ZnO grains, when ZrO, content is more
than 1.0mol%, the generation of micropores are promoted,
leading to the decreasing of bulk density.

C. ELECTRIC CHARACTERISTICS

The V-I curve of the manufactured varistors sintered at
1150°C is shown in Fig.7, when ZrO; content is 0 mol%,
the breakdown voltage is 305V/mm and when the ZrO; con-
tent increases to 2mol%, E1ma increases to 510V/mm. The
influence of ZrO, content and sintering temperature on the
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breakdown voltage (E1ma) is shown in Fig.8, from which
it can be seen that, Ej,a increases with ZrO, content and
decreases with sintering temperature.

Impedance analysis has been done to obtain the resistance
of ZnO grain and grain boundary. The ZnO grain resistance
remains 0.5€2. As grain boundary resistance is much larger
than that of ZnO grain, Ejpa is mainly dependent on ZnO
grain boundary resistance. The variation of grain boundary
resistance with ZrO, content and sintering temperature is
shown Fig. 9. As shown in the figure, the grain boundary
resistance is in proportion with Ejpa, which increases with
ZrO; content and decreases with sintering temperature.

For the sintered ZnO varistors, the whole grain boundary
resistance is decided by the average resistance per grain
boundary p and the grain boundary number N. As the
ZrO, particles can restrain the ZnO grain size while higher
sintering temperature can promote the ZnO grain growth,
N decreases with sintering temperature and increases with
ZrO; content.
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FIGURE 10. Influence of sintering temperature and ZrO, contents on the
non-linear coefficient.

The average resistance per grain boundary p can be
expressed as Equation (3) [22]{24].

KT
p = poT eXp(—E) (3)

In Equation (3), T means temperature, oo and K are con-
stants. Q is the activation energy, Q increases with the barrier
height ®p, which can be expressed in Equation (4) [12].

2A72
eNS

bp = ———
B 2e,60Ng

“)

In Equation (4), N's is the interface states density, Ny is
the donor density, &, &9 and e are constants. It is confirmed
that the extrinsic elements (Mn, Co, Sb and Cr) incorporated
into ZnO grains can raise Ny, when dissolved into grain
boundary layers, these extrinsic elements can increase N's.
From Fig. 4 and Fig. 5, it can be seen that, The change of ®p is
not as obvious as grain boundary number N. Thus, as shown
in Fig.7 and Fig.8, E1ma increases with ZrO, content and
decreases with sintering temperature.

Fig. 10 shows the influence of sintering temperature and
additive ZrO; content on the nonlinear coefficient o of
the manufactured varistors. For the sintering temperature of
1150°C, when the ZrO; content increases from 0 mol% to
1.0 mol%, « increases slightly from 56 to 58. As ZrO, content
increases to 2.0 mol%, o decreases sharply to 43. When
the sintering temperature increases from 1000°C to 1150°C,
the nonlinear coefficients are very close to each other. How-
ever, as sintering temperature rises to 1250°C, « begins to
decrease. o reaches to the highest value 58 when sintering
temperature is 1150°C and ZrO; content is 1.0mol%.

The variation of leakage current (/1) is shown in Fig. 11.
With the increasing of ZrO; content, I, tends to decrease
first and then increase. When the sintering temperature is
1150°C or lower, the leakage currents are very close to
each other, when sintering temperature continues to increase,
I, become obviously larger. When sintering temperature is
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FIGURE 11. Influence of sintering temperature and additive
Zr02 contents on the leakage current.

1150°C and ZrO; content is 1.0mol%, I;, reaches the smallest
value 4L A.

The variation of « and I, can be explained by Equation (5)
and Equation (6), in which Jy, 8, K are constants, £ means
electric filed strength, 7 means temperature and Ji, is the
leakage current density [12]-[15].

32
yd)B
— 5
a 3 )
1) _IBEI/Z
Jo=Jo exp(—BT) (6)

From Equation (5) and Equation (6), it can be known that,
o and I1, are mainly decided by barrier height ®g. When
ZrO, content is less than 1.0mol%, the increasing of ZrO;
content can restrain ZnO grain size and promote the forma-
tion of grain boundary layers. Which causes more extrinsic
elements dissolved into grain boundary layers, leading to
higher &g, higher o and lower Ji. When ZrO; content is
more than 1.0 mol%, more ZrO; particles, especially cubic
phase ZrO, are formed, leading to more extrinsic elements
incorporated into ZrO; particles and less dissolved into the
grain boundary layers, causing o lower and Ji, higher. When
sintering temperature is 1250°C or higher, more cubic phase
ZrO, are generated, and volatilization effects of the metal
oxide addictives such as BiO3 and Sb,O3 become much
more serious, leading to less extrinsic elements dissolved into
grain boundary layers. This may be the reason of the variation
of o and I;..

Applying 5kA, 4/10us impulse current to the test samples,
the variation of residual ratio (CRr) of the ZnO varitors can be
obtained. As shown in Fig. 12, before 1.0mol%, the additive
ZrO; has little influence on Cg, as ZrO; content continues
to increase, Cr tends to increase. With the increasing of
sintering temperature, Cr tends to decrease first and then
increases. CR researches its lowest value when ZrO, content
is 1.0mol% and sintering temperature is 1150°C. This is
mainly because that, when ZrO, content is 1.0mol% and sin-
tering temperature is between 1100°C and 1200°C, the bulk
density of these ZnO varistors reaches the highest value. The
micro-structures of these varistors have better uniformities
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and fewer micropores, leading to the smallest Cr. As resid-
ual voltage ratio and bulk density are regarded as important
parameters of surge handling ability, it can be confirmed that
ZnO varistors with a sintering temperature of 1150°C and
a ZrO, content of 1.0mol% can reach the optimum electric
characteristics.

IV. CONCLUSION

In this paper, the effects of sintering temperature and ZrO;
content on the micro-structure and electric characteristics
have been investigated, XRD spectrum shows that the addi-
tive ZrO, exists as independent second phase in the ZnO
varistors, with the increasing of sintering temperature, a part
of monoclinic phase ZrO2 transforms to cubic phase, which
can dissolve extrinsic elements such as Sb, Mn, Cr and Co.
From the EDS analysis, with the increasing of ZrO,, the con-
tent of extrinsic elements in the boundary layers increases
first and then tends to decreases. The additive ZrO, can
restrain the growth of ZnO grains and improve the voltage
gradient of ZnO varistors, and the increasing of sintering
temperature can promote the growth of ZnO grains, leading
to the densification of ZnO varistors. When sintering tem-
perature is 1250°C or higher, the volatilization of Bi;O3 and
SbyO3 become obvious, leading to the generation of exces-
sive mocropores and degradation of electric characteristics.
According to the experimental results, ZnO varistors sintered
at 1150°C with 1.0mol% ZrO, can reach the overall optimum
electric performance, exhibiting a leakage current of 4 A,
a breakdown voltage of 420V/mm, a nonlinear coefficient
of 58, and a residual voltage ratio of 1.87.
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