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Abstract: The effect of sintering temperature on microstructure and varistor properties of Zn−V−O-based ceramics incorporated 
with Mn−Nb−Tb was investigated. The results showed that the increase of sintering temperature in the range from 875 to 950 °C 
decreased the densities of sintered pellets in the range of 5.55 to 5.45 g/cm3 and increased the average grain size in the range of 4.1 to 
8.8 μm. The breakdown field decreased noticeably from 7443 to 1064 V/cm with increasing sintering temperature from 875 to   
950 °C. The varistor ceramics sintered at 900 °C exhibited nonlinear properties, with 49.4 in the nonlinear coefficient and       
0.21 mA/cm2 in the leakage current density. The dielectric constant increased greatly from 440.1 to 2197.2 with increasing sintering 
temperature from 875 to 950 °C; however, the dissipation factor exhibited a fluctuation between 0.237 and 0.5. These ceramic 
compositions and sintering conditions can be applied to the development of advanced multiplayer varistors with silver as an inner 
electrode. 
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1 Introduction 
 

Zinc oxide is an attractive and smart material, which 
yields diverse applications such as optical devices,  
sensor, FET devices, SAW devices, and varistors with a 
processing method. Among them, we are only interested 
in varistor effect using zinc oxide. In general, zinc oxide 
ceramics sintered yield a distinctive microstructure with 
many grains and grain boundaries. Unit microstructure 
composed of grain−grain and boundary−grain is 
distributed into entire bulk with 3-dimensional series and 
parallel connection. 

Pure zinc oxide exhibits a linear voltage (V)−current 
(I) relation. This is only matter obeying Ohm’s law. If 
unit microstructure has electronic states inducing 
potential barrier at the grain boundaries, zinc oxide 
ceramics will obviously exhibit non-ohmic properties. 
However, this does not occur for pure zinc oxide under 
any sintering conditions. 

Zinc oxide varistor ceramics are electronic parts 
made by sintering zinc oxide incorporated with minor 
oxides composed of main oxide and subordinate   
oxides [1−4]. A semiconductor junction formed at unit 
microstructure exhibits non-ohmic properties according 

to sintering process and additives as variables. They 
exhibit V−I characteristics similar to a back-to-back 
Zener diode, with high resistance below breakdown 
voltage and low resistance above breakdown     
voltage [2−4]. Owing to simple and distinctive  
properties, they are extensively utilized to protect the 
circuit devices from considerably high voltage when 
compared with normal voltage. Today, all electrical and 
electronic systems have varistor’s help. 

Commercial multilayered chip varistors are strongly 
based on bismuth [5−9] and praseodymium inducing the 
varistor effect (nonlinearity) [1,10]. Zinc oxide ceramics 
incorporated with bismuth and praseodymium should be 
sintered at high temperatures above 1200 °C [11,12], and 
consequently have no choice but to use a refractory such 
as palladium and platinum as an inner-electrode. But, 
zinc oxide ceramics incorporated with vanadium 
inducing the varistor effect have a surprising advantage 
in terms of inner-electrode silver, when compared with 
palladium and platinum [13,14]. The studies on 
Zn−V−O-based ceramics were investigated in many 
points [15−25]. Nevertheless, it is difficult to use this 
varisor commercially because of a large number of 
unsolved problems. Therefore, it is interesting to 
investigate how the sintering process has an effect on  
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varistor properties for specific composition. In this work, 
the effects of sintering on microstructure, electrical 
properties and dielectric characteristics of Zn−V−O- 
based ceramics incorporated with Mn−Nb−Tb were 
investigated at temperatures as low as 875−950 °C. 
 
2 Experimental 
 

High purity (>99.9%, reagent grade) raw materials 
(in mole fraction) composed of 97.35% ZnO (Aldrich 
Chemical Co., USA), 0.5% V2O5 (Kojundo Chemical 
Lab., Japan), 2.0% MnO2 (Kojundo Chemical Lab., 
Japan), 0.1% Nb2O5 (Kojundo Chemical Lab., Japan), 
0.05% Tb4O7 (Kojundo Chemical Lab., Japan) were 
prepared. Raw materials were mixed by ball milling with 
zirconia balls and acetone in a polypropylene bottle for 
24 h. The blended slurry was dried at 120 °C for 12 h. 
The dried slurry was blended with acetone and polyvinyl 
butyral binder (0.8%, mass fraction based on powder 
mass) in a beaker using a magnetic stirring bar. After 
drying, the blend was granulated by sieving through a 
0.15 μm screen to produce starting powder. The sieved 
powder was pressed into disk-shaped pellets of 10 mm in 
diameter and 1.5 mm in thickness at a pressure of    
100 MPa. The pellets were set on MgO plate into 
alumina sagger, sintered at different temperatures (875, 
900, 925, and 950°C) in air for 3 h, and furnace-cooled 
to room temperature. The final pellets were roughly    
8 mm in diameter and 1.0 mm in thickness. Conductive 
silver paste was coated by screen-printing techniques on 
both faces of the pellets and the electrodes were formed 
by heating it at 550 °C for 10 min. The electrodes were  
5 mm in diameter. Finally, after soldering the lead wire 
to both electrodes, the samples were packaged by 
dipping them into a thermoplastic resin powder. 

Either side of the samples was lapped and ground 
with SiC paper, and then polished with 0.3 μm-Al2O3 
powder. The polished samples were chemically etched in 
HClO4–H2O solution (1:1000, volume ratio) at 25 °C for 
25 s. The surface microstructure was examined by a field 
emission scanning electron microscope (FESEM, Quanta 
200, FEI, Brno, Czech). The average grain size (d) was 
determined through the lineal intercept method using the 
expression: 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 the lines [26]. The crystalline phases were 
identified by X-ray diffractometer (XRD, X′pert-PRO 
MPD, Panalytical, Almelo, Netherlands) with Cu Kα 
radiation. The density (ρ) of sintered pellet was 
measured using a density determination kit (238490) 
attached to balance (AG 245, Mettler Toledo 
International Inc., Greifensee, Switzerland). 

The electric field (E)−current density (J) 

characteristics were measured using a high voltage 
source-measure unit (Keithley 237, Keithley Instruments 
Inc., Cleveland, OH, USA). The breakdown field (E1 mA) 
was measured at a current density of 1.0 mA/cm2 and the 
leakage current density (JL) was measured at 0.80 E1 mA. 
The nonlinear coefficient (α) was determined through the 
expression: α=(lg J2−lg J1)/(lg E2−lg E1), where E1 and 
E2 are the electric fields corresponding to J1=1.0 mA/cm2 
and J2=10 mA/cm2, respectively. The dielectric behavior 
in accordance with frequency for the apparent dielectric 
constant (ε'APP) and dissipation factor (tan δ) of the 
samples was measured in the range of 100 Hz−2 MHz 
using a RLC meter (QuadTech 7600, Marlborough, MA, 
USA). 
 
3 Results and discussion 
 

Figure 1 shows the SEM images of the samples at 
various sintering temperatures. Outwardly, it cannot find 
a noticeable difference, when compared with the surface 
morphologies of other ZnO−V2O5-based varistor 
ceramics [18,19]. However, it can be seen that the grain 
size noticeably changed despite small changes in the 
sintering temperature, in particular, at above 900 °C. The 
pore was found to increase with increasing sintering 
temperature. The detailed microstructure parameters are 
summarized in Table 1. 

The tendency of change in the average grain size (d) 
and the density (ρ) of the sintered pellets as a function of 
sintering temperature is indicated graphically in Fig. 2. d 
increased remarkably from 4.1 to 8.8 μm despite the 
variation of small sintering temperature. ρ decreased 
from 5.55 to 5.45 g/cm3 to a small extent corresponding 
to 96.0%−94.3% of the theoretical density (ρTD) (for pure 
ZnO, ρTD=5.78 g/cm3) with increasing sintering 
temperature from 875 to 950 °C. It is worth noting that 
the ceramics with this composition can be sintered at 
temperatures as low as 875 °C. This is assumed to be 
result of the volatility of the V-species for V2O5 with low 
melting point as low as 690 °C. 

The XRD patterns of the samples at different 
sintering temperatures are shown in Fig. 3. Many minor 
phases such as Zn3(VO4)2, ZnV2O4, TbVO4 and VO2 
were detected as secondary phases. Among minor  
phases, VO2 at 2θ=28.0650° almost disappeared when 
the sintering temperature exceeded 900 °C. This is 
assumed to be result of the volatility of liquid phase 
when the sintering temperature exceeded 900 °C. The 
disappearance of VO2 may affect nonlinear properties. In 
contrast, no TbVO4 was affected by sintering 
temperature. 

Figure 4 shows the electric field−current density 
(E−J) characteristics of the samples at various sintering 
temperatures. The varistor properties are featured by the 
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Fig. 1 SEM images of samples at various sintering temperatures: (a) 875 °C; (b) 900 °C; (c) 925 °C; (d) 950 °C 
 
Table 1 Average grain size (d), sintered density (ρ), breakdown field (E1 mA), breakdown voltage per grain boundaries (Vgb), nonlinear 
coefficient (α), leakage current density (JL), dielectric constant (ε′APP) and dissipation factor (tan δ) of samples with various sintering 
temperatures 

Sintering 
temperature/°C 

d/μm ρ/(g·cm−3) 
E1 mA/ 

(V·cm−1) 
Vgb/V α 

JL/ 
(mA·cm−2) 

ε′APP at 
1 kHz 

tan δ at 1 kHz

875 4.1 5.55 7443 3.0 36.1 0.30 440.1 0.350 

900 5.2 5.53 5257 2.7 49.4 0.21 580.2 0.237 

925 7.8 5.47 1976 1.5 8.5 0.54 1398.6 0.547 

950 8.8 5.45 1064 0.9 8.8 0.51 2197.2 0.5 

 

 
Fig. 2 Average grain size and sintered density of samples as 
function of sintering temperature 

 
Fig. 3 XRD patterns of samples at various sintering 
temperatures: (a) 875 °C; (b) 900 °C; (c) 925 °C; (d) 950 °C 
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Fig. 4 E−J characteristics of samples at various sintering 
temperatures 
 
non-linearity, which is not obeyed by Ohm’s law in the 
E−J relation. The characteristic curves are composed of 
two states: one is non-conduction state due to extremely 
high resistance before breakdown field, the other is 
conduction state due to extremely low resistance after 
breakdown field. However, the shape of edge between 
linear region and non-linear region shows an obvious 
difference with sintering temperature. The detailed E−J 
characteristic parameters are summarized in Table 1. 

The breakdown field (E1mA) showed tendency of 
abrupt change from 7443 to 1064 V/cm with increasing 
sintering temperature from 875 to 950 °C despite small 
sintering changes. E1mA is firstly controlled by the 
average grain size (d), and secondly depends on the 
breakdown voltage per grain boundary (Vgb). The 
breakdown voltage (VB) is indicated through the 
expression: VB=(D/d)Vgb=nVgb. As a result, E1mA is 
written as follows: E1 mA=Vgb/d, where D is the thickness 
of sample, and n is the number of grain boundaries [2]. 
Therefore, VB is proportional to n and Vgb. Obviously, the 
breakdown voltage could be controlled by the sample 
thickness for the fixed grain size, and by the grain size 
for the fixed sample thickness. As a result, the decrease 
of E1mA with increasing sintering temperature is 
attributed to the increase of the average ZnO grain size 
and the decrease of Vgb. 

The tendency of change in the nonlinear coefficient 
(α) as a function of sintering temperature is indicated 
graphically in Fig. 5. α increased from 36.1 to 49.4 until 
the sintering temperature reached 900 °C. When the 
sintering temperature reached 900 °C, α decreased to 
almost 8.5. However, α showed the fluctuation in the 
change tendency with increasing sintering temperature. 
In light of the change tendency in α, the sintering 
temperature in this system has a noticeable effect on 
non-linear properties although small sintering changes. It 
is worth noting that the sample sintered at a temperature 

as low as 875 °C exhibited a high α value, reaching 
α=36.1. This suggests a potential possibility although 
low temperature sintering. The behavior of α in 
accordance with sintering temperature is directly related 
to the potential barrier height, which strongly depends on 
the electronic trap states, such as the zinc vacancies  
(VZn,) interstitial zinc (Zni,) ionized donor-like zinc  
(DZn,) and oxygen (Oi) at the grain boundaries [27]. 
Furthermore, these defects will vary the density of 
interface states at the grain boundaries. Based on XRD 
analysis, it is assumed that the disappearance of ZnV2O4 
and VO2, when the sintering temperature exceeds 925 °C, 
will change the density of interface states, in light of the 
decrease of nonlinear coefficient. 
 

 
Fig. 5 Nonlinear coefficient and leakage current density as 
function of sintering temperature 
 

The change tendency in the leakage current density 
(JL) as a function of sintering temperature is also 
indicated graphically in Fig. 5. JL decreased from 0.3 to 
0.21 mA/cm2 when the sintering temperature increased 
from 875 to 900 °C, and then increased to 0.54 mA/cm2 
when the sintering temperature was further increased to 
925 °C. However, when the sintering temperature 
exceeded 925 °C, it decreased again. JL exhibited a 
fluctuation in the range of 0.21 to 0.54 mA/cm2 with 
increasing sintering temperature from 875 to 950 °C. 
This is opposite to the behavior of α. On the whole, it is 
concluded that the increase of sintering temperature 
increased JL. 

Figure 6 shows the apparent dielectric constant 
(ε'APP) and dissipation factor (tan δ) of the samples with 
change of sintering temperature. The change tendency in 
the ε'APP for all the samples with sintering temperature 
showed typically dielectric dispersion phenomena,  
which decreases with the increase of frequency. The 
decrease of ε'APP with increasing frequency is assumed to 
be a result of the decrease of the number of electric 
dipole, which can follow to gradually increasing 
frequency. The variation rate of the dielectric dispersion 
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was remarkably large at frequency lower than 1 kHz 
when the sintering temperature exceeded 900 °C. 
Furthermore, the dielectric dispersion was obvious with 
increasing sintering temperature. ε'APP increased with 
increasing sintering temperature in the range of overall 
frequency. On the other hand, tan δ decreased abruptly 
until the vicinity of roughly 10 kHz with increasing 
frequency and exhibited a dielectric absorption peak in 
the vicinity of 200−300 kHz, and thereafter again 
decreased. The detailed dielectric parameters are 
summarized in Table 1. 
 

 
Fig. 6 Dielectric characteristics of samples at various sintering 
temperatures 
 

The change tendency in ε'APP at 1 kHz as a function 
of sintering temperature is indicated graphically in   
Fig. 7. ε'APP increased from 440.1 to 2197.2 although the 
small variation in the sintering temperature. This is 
directly related to the average grain size and depletion 
layer width, as can be seen through the expression, ε'APP= 
εg(d/t), where εg is the dielectric constant of ZnO (8.5), 
and t is the depletion layer width of the both sides at the 
grain boundaries. The increase of sintering temperature 
increases the average grain size (d) and decreases the 
effective depletion layer width (t). Therefore, the 
dielectric constant increases with increasing sintering 
temperature. The change tendency in tan δ at 1 kHz as a 

function of sintering temperature is also indicated 
graphically in Fig. 7. tan δ exhibited a fluctuation in the 
range of 0.237 to 0.547 with increasing sintering 
temperature. It decreased from 0.350 to 0.237 until the 
sintering temperature increased from 875 °C to 900 °C, 
and then increased to 0.547 when the sintering 
temperature was further increased to 925 °C. However, 
when the sintering temperature exceeded 925 °C, it 
decreased again. On the whole, it is concluded that the 
increase of sintering temperature increased tan δ. tan δ is 
composed of the joule loss due to heat generation by 
leakage current, and frictional loss due to heat generation 
by electric dipole rotation. The change tendency in tan δ 
is very similar to that of leakage current. Therefore, it is 
assumed that tan δ is strongly affected by the leakage 
current. 
 

 
Fig. 7 Dielectric constant (ε'APP) and dissipation factor (tan δ) 
as function of sintering temperature at 1 kHz 
 
4 Conclusions 
 

The microstructure, electrical properties and 
dielectric characteristics of Zn−V−O-based ceramics 
incorporated with Mn−Nb−Tb were investigated for the 
samples at various sintering temperatures. Increasing 
sintering temperature yielded the decrease in the sintered 
density and the increase in the average grain size, like 
ceramic behavior of other ZnO−V2O5-based ceramics. 
The breakdown field decreased noticeably with 
increasing sintering temperature. The varistor ceramics 
sintered at 900 °C exhibited excellent nonlinear 
properties, with a high nonlinear coefficient (α=49.4). 
The sintering temperature has a strong effect on 
nonlinear properties in light of the change tendency in 
the nonlinear coefficient. The dissipation factor was 
predominantly generated by the leakage current. 
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烧结温度对含 Mn−Nb−Tb 的 
Zn−V−O 基陶瓷显微组织和压敏性能的影响 

 
C. W. NAHM 

 
Semiconductor Ceramics Laboratory, Department of Electrical Engineering, Dongeui University, Busan 47340, Korea 

 
摘  要：研究烧结温度对含 Mn−Nb−Tb 的 Zn−V−O 基陶瓷显微组织和压敏性能的影响。结果表明，随着烧结温

度由 875 °C 升高到 950 °C，烧结陶瓷样品的密度由 5.55 g/cm3降低到 5.45 g/cm3，其平均晶粒尺寸由 4.1 μm 增大

至 8.8 μm，击穿场强由 7443 V/cm 显著降低至 1064 V/cm。经 900 °C 烧结的压敏陶瓷样品具有明显的非线性特性，

其非线性系数为 49.4，漏电流密度为 0.21 mA/cm2。当烧结温度由 875 °C 升高到 950 °C 时，Zn−V−O 基陶瓷样品

的介电常数由 440.1 增大到 2197.2，其损耗因数的变化范围为 0.237~0.5。因此，本研究中 Zn−V−O 基陶瓷组分和

烧结条件有利于以银为内电极的先进多层芯片压敏电阻的开发。 
关键词：Zn−V−O 基陶瓷；Mn−Nb−Tb；烧结；压敏性能；介电特性；压敏电阻器 

 (Edited by Wei-ping CHEN) 
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