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I 

Abstract 

A varistor is a device made of ceramic material. It is used as a protection 

component in many areas of life. In order to prepare the varistor, the traditional 

method of ceramic industries is used (solid-state reaction). 

XRD tests for zinc oxide powder and Indium oxide nano powder are 

conducted to determine the degree of purity. After the weighting process, the 

powders were mixed with water by a magnetic mixer and then dried for 24h. 

After that, the gases, moisture and some of the impurities are disposed of by 

burning for 2h at (500°C). Then grinding is carried out, and the samples are 

compressed in tablets of a radius of 8mm. The samples are placed in the furnace 

for sintering at three different temperatures of (1000, 1050 and 1100) °C to 

obtain the required shapes. 

XRD examinations are carried out for sintered samples and shows the 

emergence of several phases which is led by the phase of basic zinc oxide. The 

crystallite size and the grain size of the samples were measured using the 

Debay-Shearer equation and images of the scanning electron microscopy 

(SEM). It turns out that the grain size decreases by increasing the concentrations 

of (InR2ROR3R) nano powder and increases with the increase of the sintering 

temperature. 

Because the effect of the breakdown voltage on the grain size, it will 

increase by increasing the concentration of the indium oxide nano powder. The 

behavior of the non-linear coefficient (α) can be seen between current and 

voltage values. It is found that the nonlinear coefficient increased with 

increasing concentrations of (In2O3) nano powder and other oxides. The 

decrease of (α) with the increase of sintering temperatures is due to the effect of 

Schottky-barriers between grain boundaries.Furthermore, at higher temperature, 

the leakage current was decreased when increasing the InR2ROR3R concentrations.  

 



II 

The values of the dielectric constant were reduced by increasing the 

frequency and the high dielectric constant is observed as the sintering 

temperatures increases. However, the results of the loss factor decreases with 

increasing InR2ROR3R concentrations. 

The effect of light and darkness on the properties (current-voltage) of the 

samples was examined after the light intensity was shed on them as well as in 

opacity. It is revealed that the electrical properties of the samples are not 

affected by both tests, which allow us to benefit from the use of varistor in 

external environmental conditions, especially the effect of sunlight. 

 

 

 

 

 



III 

CONTENTS 
 
 

No. Subject Page 

 CHAPTER ONE 
INTRODUCTION  

1.1 Introduction 1 
1.2 ZnO varistor composition 2 
1.3 Some of the varistor electric properties 3 

1.3.1 Leakage current (IL) 3 
1.3.2 Break down voltage (Varistor voltage) 4 
1.3.3 Nonlinear coefficient (α) 4 
1.4 Literature review 5 
1.5 Aim of the work 7 

 CHAPTER TWO                                                 
(THEORICAL) 

 

2.1 Crystal Structures of ZnO varistor 8 
2.2 The structure of ZnO based varistor 9 

2.2.1 Semiconductor ZnO grains 10 
2.2.2 Bi-rich phase 10 
2.3 The behavior of ZnO varistors and electrical regions 12 
2.4 The electrical conduction in metals and semiconductors 15 
2.5 Some electrical properties of ZnO varistor 15 

2.5.1 Non Linear coefficient (α) 15 
2.5.2 The Leakage current (IL) 15 
2.5.3 The breakdown voltage (vb) 16 
2.5.4 The dielectric properties 16 
2.5.5 The average grain size 17 
2.6 The effect of additive on the characteristics of ZnO varistor 17 
2.7 sintering process 18 

2.7.1 Variables sintering effects 18 
2.7.2 Sintering type 19 
2.7.3 Sintering influence on ZnO varistor's characteristics 20 
2.8 X-ray diffraction testing 20 
2.9 SEM test 22 

 
 
 

 
 
 

 
 
 

 



IV 

No. Subject Page 

 CHAPTER THREE 
SAMPLES PREPARATION 

 

3.1 Introduction of the work 23 
3.2 Samples prepare 23 

3.2.1 Preparing of the material 24 
3.2.2 Weighting 25 
3.2.3 Mixing 27 
3.2.4 Drying 27 
3.2.5 Calcination 27 
3.2.6 Milling 28 
3.2.7 The samples forming 28 
3.2.8 Sintering process 29 
3.2.9 Polishing process 30 

3.2.10 Electrodes 31 
3. 3 X-Ray diffraction test 31 
3.4 Measurement of electrical characteristics 32 

3.4.1 Breakdown voltage (Vb) 32 
3.4.2 Leakage current (IL) 33 
3.4.3 Nonlinear coefficient (α) 33 
3.4.4 Dielectric features test 33 
3.5 SEM test 34 
3.6 Optical I-V property measurement 

 
35 

 CHAPTER FOUR 
RESULTS AND DISCUTION 

 

4.1 Introduction 36 
4.2 XRD results 36 
4.3 The calculation of crystallite size 41 
4.4 SEM test 42 
4.5 The electrical mensuration 45 

4.5.1 Breakdown voltage (Vb) 45 
4.5.2 leakage current (IL) 49 
4.5.3 The nonlinear coefficient (α) 52 
4.5.4 Dielectric constant (Ԑ) 58 
4.5.5 Dissipation factor (loss factor) 60 
4.6 I-V measurements 62 

   

 



V 

 CHAPTER FIVE 
CONCLUSIONS AND SUGGESTIONS 

FOR FUTURE WORK 

 

5.1 Conclusion 64 
5.2 Future Work 64 

 REFERENCES 65 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VI 

LIST OF FIGURES 
 

No. Figure Page 
1.1 Different types of ZnO varistors for distinct applications 2 
2.1 the three of ZnO structure 8 
2.2 the wurtzite structure of ZnO 9 
2.3 (a) existing and (b) perfect structure of a varistor 9 
2.4 grain and three types of grain boundaries 11 

2.5 Zinc oxide-Bi2O3 based polycrystalline sintering varistor and 
current trajectory 12 

2.6 Current voltage graph of typical metal oxide varistors 13 
2.7 sintering of solid state reaction 19 
2.8 XRD principles from a number of planes 21 
2.9 the SEM device 22 
3.1 sketch shows the experiment work 23 
3.2 calcination the powder 27 
3.3 images of molds and presses 28 
3.4 image of the furnace sintering 29 
3.5 image of produced samples 30 
3.6 samples images after aluminum electrode 31 
3.7 power supply and multimeters images 32 
3.8 LCR meter image 33 
3.9 SEM device image 34 
4.1 X-ray diffraction sketch for pure ZnO powder 36 
4.2 X-ray diffraction sketch for In2O3 nano powder 37 
4.3 X-ray diffraction sketch for BC0 sample at 1000ᴼC 37 
4.4 X-ray diffraction sketch for BC1 sample at 1000ᴼC 38 
4.5 X-ray diffraction sketch for BC2 sample at 1000ᴼC 39 
4.6 X-ray diffraction sketch for BC3 sample at 1000ᴼC 39 
4.7 X-ray diffraction sketch for BC3 sample at 1050ᴼC 40 
4.8 X-ray diffraction sketch for BC3 sample at 1100ᴼC 40 

4.9.a SEM image for (BC0) sample sintered at (1000) ᴼC 42 
4.9.b SEM image for (BC3) sample sintered at (1000) ᴼC 43 
4.9.c SEM image for (BC3) sample sintered at (1050) ᴼC 43 
4.9.d SEM image for (BC3) sample sintered at (1100) ᴼC 44 

4.10 divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1000ᴼC 47 

4.11 divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1000ᴼC 47 

 



VII 

No. 
 

Figure Page 

4.12 divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1100ᴼC 48 

4.13 divergence of the leakage current with increased In2O3 % mol 
concentration at 1000ᴼC 50 

4.14 divergence of the leakage current with increased In2O3 % mol 
concentration at 1050ᴼC 50 

4.15 divergence of the leakage current with increased In2O3 % mol 
concentration at 1100ᴼC 51 

4.16 I-V curve for 1000ᴼC samples 53 
4.17 I-V curve for 1050ᴼC samples 54 
4.18 I-V curve for 1100ᴼC samples 55 

4.19 divergence of the nonlinear coefficient with increased In2O3 % 
mol concentration at 1000ᴼC 56 

4.20 divergence of the nonlinear coefficient with increased In2O3 % 
mol concentration at 1050ᴼC 57 

4.21 divergence of the nonlinear coefficient with increased In2O3 % 
mol concentration at 1100ᴼC 57 

4.22 Dielectric constant for (BC0, BC1, BC2 and BC3) as a frequency 
function sintered at 1050ᴼC 58 

4.23 Dielectric constant for (BC1 and BC3) as a frequency function 
sintered at 1100ᴼC 59 

4.24 loss factor for (BC0, BC1, BC2 and BC3) as a frequency 
function sintered at 1050ᴼC 60 

4.25 loss factor for (BC1 and BC3) as a frequency function 
sintered at 1100ᴼC 61 

4.26 I-V test curve for 1000ᴼC sample (BC0) at light and darkness 62 
4.27 I-V test curve for 1000ᴼC sample (BC3) at light and darkness 62 
4.28 I-V test curve for 1050ᴼC sample (BC3) at light and darkness 63 
4.29 I-V test curve for 1100ᴼC sample (BC3) at light and darkness 63 
   
   
   
   
   
   
   

 
 

 



VIII 

LIST OF TABLES 

No. Table Page 

3.1 The major features of starting materials 24 

3.2 molar mass, molar ratio and 30% mass of the composition 25 

4.1 crystallite size of different samples with different sintering 
temperatures 41 

4.2 shows the diameter of some grains of the samples, wich 
determined by SEM 44 

4.3 the measured of (Vb) of the samples 46 

4.4 leakage current measurments for all samples 49 

4.5 nonlinear coefficient values for all samples 52 

 

 

 

 

 



IX 

SYMBOLS MEANING 

α Non-linear coefficient 

K Constant 

I Current 

V Voltage 

c Constant 

R Ohmic resistance  

RD Differential resistance 

𝑉𝑏 Breakdown voltage 

𝐼𝐿 Leakage current 

𝐷 Average grain size 

JCPDS Joint Committee on Powder Diffraction Standard 

hcp hexagonal–close–pack 

𝜆 Wave length 

𝜃  Bragg angle 

𝛽  Full width at half maximum  

SEM Scanning Electron Microscopy 

Ԑ′ Real dielectric constant 

Ԑ′′ Imaging dielectric constant 

ԐΟ The permittivity of vacuum. 

d The varistor sample thickness    

  
 

 

 

 



 
 
 
 
 
 
 
 
 

 

 

 

 

 



1 

 (1-1) Introduction  

Zinc oxide is an organic compound with the chemical formula ZnO. It is 

a white powder, poor solubility in water. In particular this oxide is widely used 

as an additive to many industrial materials including ceramics, plastics, glass 

and cement [1]. 

Zinc oxides (ZnO), has recently been given widespread attention due to 

their low resistance, excellent conductivity, high transparency and nontoxic 

properties [2]. 

It is characterized by its low cost compared to the rest of the oxides with 

a wide energy gap about 3.37eV at a temperature of (300k) and 3.44eV at low 

temperatures and it is classified as n-type semiconductor. Thus it has been used 

in varistor electrical and optical applications such as piezoelectric transducer, 

and gas sensor [3]. 

The metal oxide ZnO - based varistor (MOV), is a semiconductor device 

made of ceramic which has perfect non-linear characteristic whose applications 

are technologically important when they are normally connected in parallel with 

an electric devices, and that is most used to protect the electric devices and 

electronic circuits from dangerous of over-voltages that may cause by a 

lightning strike or electrostatic discharge [4]. 

At low voltage, varistors work as resistors, and they become conductors 

at high voltage. Unlike the fuse or circuit breaker, that act as protector against 

over-current, the varistor functions as an over-voltage depending resistor. 

Moreover the resistance is adjustable with the applied voltage [5]. 
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a b 

 

Figure (1-1) Different types of ZnO varistors for distinct applications [5]: 

a-Low-voltage suppression varistors, b- High voltage protection varistors 

Over the past 60 years, the varistors become the best protection ways of 

electronic and power distribution and transmission circuits [6] 

 

 (1-2) ZnO varistor composition 

In the beginning metal oxide varistors have been highly complex and 

characterized as polycrystalline ceramics. They consist of 90% zinc oxide as a 

ceramic-based material which are adding and mixing with small amount of 

other oxides for example, Bi2O3, CoO, Sb2O3, Cr2O3, MnO2 and SiO2 in 

certain molar to improve and enhance the non-ohmic characteristic of the 

varistor [7]. 
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These oxides influence the varistor characteristics by separate at grain 

boundaries of ZnO and make a stratum of intergranular phase like bismuth or by 

an effect on development of growth the grains and structure of varistor.  After 

sintering process,  the varistor will be shaped as a mold with elevated resistivity 

conductive ZnO grain boundaries (intergranular insulating layers) create 

schottky barriers at electrically active grain boundaries [8]. 

These barriers appear at the limit of each (n-type) semiconducting ZnO 

grain from the electrons boundary and they respond to the varistor's electrical 

and non-ohmic characteristics. Therefore the varistor has ability to provide a 

described sequence and parallel connection of grain boundaries, each having 3V 

breakdown voltage. This creates a structure made up of conductive enormous 

granules of ZnO surrounded by thin electrically insulating barriers [9]. 

The microstructure of doped zinc oxide varistors is a polycrystalline 

composed of numerous semiconducting zinc oxide grains and grain boundaries 

[10].  

 

 (1-3) Some of the varistor electric properties 

(1-3-1) The leakage current (IL)  

The current passes through the varistor, while the circuit is functioning 

normal work as a protection [11]. 

The current measurement is possible at point when the voltages are equal to 

(0.8) Vb [9]. 
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 (1-3-2) Break down voltage (Varistor voltage) 

When 0.5mA of current is applied, the voltage passes through the 

varistor. At this voltages value, the varistor will begin to transform from 

insulating to conducting condition [9]. 

 

 (1-3-3) Non-linear coefficient (α) 

It refer to the degrees of varistor's non-linearity and it defines the varistor 

sensory potential and immediately limits the high voltage surge. The electrical 

properties of varistor significantly depent on the composition and the structure 

i.e. grains, second phase distribution, and density [12]. 

Consequently, in order to improve the electrical properties of ZnO 

varistor it is necessary to get {less leakage current, higher non-liner coefficient 

(low responding time) and appropriate breakdown voltage (Vb) of certain 

enforcement. Controlling sintering condition and homogenization are quite 

important as they lead to a better allocation [13].   

In addition the development of grain size can be regulated by the 

sintering environment. However, (vb) depends on the amount of grain 

boundaries adjusted by the size and grain thickness [14].  

The electrical conductivity is due to the addition of many different 

compounds , with the expect for ZnO which tends to form n-type semiconductor 

material in which the electrical conductivity is due to ZnO with expect 

interstitially inside the lattice and in oxygen vacancies [15]. 
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(1-4) Literature review  

- In (2006) M. Žunić, Z. Branković and G. Branković prepeared the Zinc oxide  

varistor  by immediate mixing of constituent phases with  study the impact of 

minor phases like (spinel and intergranular) on electrical characteristic. Then 

prove that property changes rely on the relative molar ratio of the phases [16]. 

- In (2010) Xu  dong ,  et. al. doped (Lu203) with (ZnO-Bi2O3) based varistor 

that prepared by using solid state reaction and heat sintering at (900, 950 and 

1000) ᴼC. The outcomes showed the additive of (0.3% Lu203) which sintered at 

(950 ᴼC) display the perfect electrical characteristic of varistor [17]. 

- In (2011) Mariem Chaari et al. studied the influence of increase of sintering 

temperature on ZnO based varistor. The results found (by using of AFM and 

SEM tests) that increases the grain size and surface roughness at the increase of 

sintering temperature, and the samples obtained have polycrystalline hexagonal 

structure [18]. 

 - In (2012) A. Yaya , et. al. Investigated the consequence doping the (Sb2O3 

and Bi2O3) on structure and electrical characteristic of Zinc Oxide varistor. 

The result present that Bi2O3 doping inhibited the grain growth of Zinc oxide 

and inhanced the electrical characteristic of varistor [8]. 

- In (2012) Chenghua Zhang, et. Al.  researched the structure and electrical 

conduct of  (Bi2O3– ZnO  ) - based varistor that prepared for distinct five times 

(0, 1, 3, 5 and 10) hours by high-energy ball milling [19]. 

The XRD patterns of the samples (that shown in appendix) 
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- In (2013) Ji-Leli, et. al. they doped Y2O3 and Nd2O3 with ZnO based varistor 

and discussed the phase composition, structure, and electrical characteristic of 

the varistor .The results displayed that (0.1 mol % of Y2O3) and (0.25 mol% of 

Nd2O3) doped to the ZnO varistor  with  sintering heat (1050 ᴼC) improved the 

electrical characteristic with higher breakdown field (556.4V/mm), the non-

linear coefficient amount of  (61) and the leakage current density about (1.55 

μA/Cm2) [20].  

- In (2013) Lei Ke, et. al. investigated  the  rare earth material infiuence and 

non- high temperature of sintering on electrical conduct of Zinc oxide varistor 

the result displayed that after doping (0.08 mol% Y2O3) at (800ᴼC – 2h) 

sintring. the breakdown field increases to (2247.2V/mm) [21]. 

 - In (2014) Abdel- Mageed H. Khafagy, et. al. discussed the impact on 

electrical characteristics, structure and hardness of Mn3O4 doping of ZVM 

(Vanadium oxide doped Zinc oxide varistor). The result displayed that added 

(0.5 mol % Mn3O4), will reduced grain size to 19.55μm and nonlinearity of 

varistor about (16.29) with leakage current density about (441.9μA/Cm2) [22]. 

- In (2015) Adil Ismaeel Khadim studied the ZnO varistor behavior by doping 

with many metal oxides and tested their effect alone then added the rare earth 

oxides (M2O3). The outcomes explained at increase the sintering temperature 

the unit cell size will increase, the nonlinear coefficient decrease above 

(1100℃) sintering temperature, and the leakage current increased with 

increasing the sintering temperature [3]. 

- In (2016) Abbas Fadhel Shannoon prepared the ZnO varistor by mixing some 

metal oxides and doping with (Al2O3) and study the electrical properties. The 

results showed that crystallite size was increased with the increase of sintering 

temperature, and (the breakdown voltage, the nonlinear coefficient and 

Deilectric constant) decreased with the increase of sintering temperature [23]. 
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- In (2018) Zainab Waleed Ahmed. Studied the Electrical Properties of varistor 

ceramic composite by mixing based (ZnO) with some oxides with sintering 

temperatures (1050℃, 1100℃ and 1150℃) [24].  

   

(1-5) Aim of the work  

The aim of this work is to enhanced the varistor properties by prepare 

ZnO-based varistor sampels by solid state reaction with some metal oxides with 

molar ratios of (In2O3) nano powder additive with different sintering 

temperatures. And study the effect of these molar ratios of  (In2O3) nano 

powder additive on electrical properties of varistor. 
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(2-1) Crystal Structures of ZnO varistor  

Because of the Zinc oxide has a wide band gap around (3.37) ev, it is (II-
VI) a combination n-type semiconductor, known as technology material and 
used in applications in industry and technology [25, 26]. ZnO has three 
structures according to the conditions of crystallization they are: wurtzite, Zinc 
blend and rocksalt, that shown in figure (2-1) 

 

Figure (2-1) the three of ZnO structure, which are [27]: 

a) Cubic rocksalt, b) Cubic zinc blend and c) Hexagonal wurtzite 

      The rocksalt structure maybe found at high pressures about (10 Gpa) [28]. 
By growing ZnO on a cubic lattice structure substratum, zinc blend can be 
acquired. The wurtzite is the common ZnO structure because its stability at 
ambient condition, with hexagonal cell with parameter for the lattice 

(a= 3.25 AΟ) and (C=5.12 AΟ) 

This structure has two inter-penetrating and alternatingly c-axis 
hexagonal – close – pack (hcp) sub lattices, which mean a number of (Zn) atoms 
and (O) atomic planes, which are stacked instead of along a C axis [29,30]. 

Every Zinc caution (Zn+2 with radius about 0.074 nm) is enclitic by four 
oxygen anions (O-2) to form a tetrahedral structure, with covalent bands in       
the c-direction between the zinc and oxygen atoms, while it is ionic in a-
direction, so ZnO crystals behaves differently in properties, as shown in figure 
(2-2) [31]. 
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Figure (2-2) the wurtzite structure of ZnO 

 

(2-2)The structure of ZnO based varistor 

The electrical characteristics (non-linear characteristics) of the Zinc oxide 
varistor depends on chemical and structure parameters (grain size, morphology 
and density).The conventional Zinc oxide- based varistor is based with some 
molar metal oxides like (Sb2O3, Bi2O3, CoO, Mn2O3, and etc) [32]. 

The zinc oxide powder produces a poly-crystallizing ceramic during the 
liquid phase sintering process, composed of n-type ZnO semi-conductor with a 
small strength detached from a resistive grain boundaries which is characteristic 
of a double Schottky-barrier [33], and this shown in figure (2-3). 

 

Figure (2-3):  (a) existing and (b) perfect structure of a varistor [34] 
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Anyway, the exemplary microstructure of ceramic varistors contains:-   

(2-2-1) Semiconductor ZnO grains:- 

Represent the basic building block of varistor, and they are very similar 
in chemical composition, but differ a lot in geometry The ZnO grain size    
depends on the material composition and sintering [32, 35]. 
 

(2-2-2) Bi-rich phase:- 

This stage creates an open 3-dimensional lattice form in which the Zinc 
oxide grains inserted this stage contains many kinds of crystalline phases like 
(different polymorphs of Bi2O3, a Pyrochlore phase (Zn2Bi3Sb3O14), and spinel 
phase (Zn7Sb2O12)). 

Pyrochlore –phase  creates when Bi2O3 reacts at sintering temperatures 
above 700OC with ZnO and Sb2O3 owing the equation: 

4 ZnO + 3 BiO2 O3 + 3 Sb2O3
           700ᵒc      2 Zn2Bi3Sb3O14 + 4 O2 …..…… (2-

1) 

When the sintering temperature rises more than (800℃) Pyrochlore takes a  

spinel phase because of this equation:- 

2 Zn2Bi3Sb3O14 + 17 ZnO        800 ᵒC          3 Zn7Sb2O12 + 3 Bi2O3    ..……… (2-2) 

       In ZnO microstructure, other spinel crystal stages can be created like 
(ZnIn2O4) when varistor based on ZnO doped with (In2O3), these phases formed 
the ZnO varistor grain boundaries [32,8]. 

 

    So we can classify the grain boundaries into three types [36]: 

Type 1: It has a thick layer of amorphous Bi2O3-rich and can contain tiny 
secondary-phase crystallites like spinel and pyrochlore the thickness of this 
layer is above (100 nm) and has no function in electrical conductivity, but by 
Pinning the grain boundaries inhibits grain growth to create a consistent 
distribution of ZnO grain size. 
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Type 2: Limits of thin grain boundaries (1-100 nm) with an amorphous 
intergranular layer of only Bi2O3-rich. 

Type 3: Direct ZnO grain contact without intergranular contact between ZnO 
grains but some ions such as (Bi, Co, O) can be identified at about several 
nanometers in thickness. 

All these types are shown in figure (2-4) 

 

Figure (2-4): grain and three types of grain boundaries [36] 

 

      Lack of spinel phase raises the boundaries of active grain, so kinds (2 and 3) 
are the sources of nonlinear varistor characteristics, and represent the active 
grain boundaries that the electric current flows through [9], as shown in figure 
(2-5) 
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Figure (2-5): Zinc oxide-Bi2O3 based polycrystalline sintering varistor and 
current trajectory [37] 

 

 (2-3)The behavior of Zinc oxide varistors and electrical regions: 

      ZnO varistors are multi-phase, polycrystalline, doped, metal oxide and 
solid-state ceramics. ZnO and other metal oxide additives such as antimony, 
bismuth, cobalt, manganese and nickel etc, are produced varistors. And the  
non-linear (non-ohmic) function of their electrical resistance to the applied 
voltage. 

     Their unique non-linear electrical characteristics come from the internal 
interfaces between ZnO grains and the ceramic grain boundaries. The ZnO 
varistor has a very steep nonlinear current-voltage curve and can therefore 
support very varied currents across a narrow voltage range, this phenomenon is 
called (The varistor effect). 

      The varistor behaves as an open circuit at low voltages beyond the voltage 
breakdown, Vb becomes a short circuit protecting the parallel connected 
component or components. The total relationship between current and voltage 
within a varistor leads to three different operating regions, each with a special 
conduction method [38, 39, 40]. The current voltage properties of a typical 
varistor is shown in Figure (2-6).  
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Figure (2-6) Current voltage graph of typical metal oxide varistors [41] 

 

These three regions can be classified to: 

Zone 1: Leakage region (pre-breakdown region):  varistor is highly resistant in 
the range of 1012 Ω𝑐𝑚 at low voltages and can be seen as an excellent insulating 
device [42,43] . 

        In this region, Ohm's law describes the current voltage behavior of the 
varistor and controls its grain boundary resistivity, which is consistent with the 
varistor,  operation without any high voltage, (the region of pre-breakdown 
determines the steady state joule heating and the varistor nominal voltage), the 
leakage current is a temperature function, that is, increases as the temperature 
increases [44,45]. 

Zone 2: Breakdown region (action region):  If the voltage exceeds a certain 
value, often known as the breakdown voltage or breakdown field, the varistor is 
highly conductive and leads an increasing amount of current for a small voltage 
increase, the device's resistivity in this region drops dramatically to 1-10 Ω cm. 
And Ohm's Law can no longer describe the current voltage properties. 
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The relationship between current and voltage is generally expressed by 
the empirical power equation of varistors: [46,47]. 

𝐼 = �𝑉
𝐶
�
𝛼

……………………………... (2-3) 

𝐾 = (1
𝐶

)𝛼………………………… (2-4)                                                                

If (α =1) is simplified with the law of Ohm, then the current is proportional to 
the voltage applied. The device acts like an Ohms resistor in this case [46]. 

When (α =∞) for minor changes in the applied field in the proximity of the 
breakdown voltage, the current varied infinitely, and the device will be perfect. 
The varistors in practice work between a perfect varistor and an ohmic 
resistor.The higher of the (φ), the better the device and the greater the degree of 
protection [43,48]. 

And  𝛼 =  𝑅
𝑅𝐷

  ………………………. (2-5) 

Where 𝑅 = ohmic resistance and 𝑅𝐷 = differential resistance. 

𝛼 = 𝑅
𝑅𝐷

= 𝑉 𝐼⁄
𝑑𝑉 𝑑𝐼⁄

 …………………… ……… (2-6) 

𝛼 = 𝑉 𝐼⁄
𝑑𝑉 𝑑𝐼⁄

= 𝑑𝐼 𝐼⁄
𝑑𝑉 𝑉⁄

 …………………………. (2-7) 

𝛼 = ∫𝑑𝐼 𝐼⁄
∫𝑑𝑉 𝑉⁄

  ………………………………… (2-8) 

𝛼 = log 𝐼2−log 𝐼1
log𝑉2−log𝑉1

 …………………………… (2-9) 

Where, φ = the degree of nonlinearity or nonlinear coefficient, V = the applied 
voltage, I = the current passing through the device, C is a constant. And on the 
application of transient surge the nonlinear region determines the clamping 
voltage, and this region is the varistor heart. In this area the current voltage 
properties are practically temperature independent [49,21]. 

Zone 3: (Upturn region): Again the current voltage of varistors shows another 
very high current Ohmic region, that is happens at current densities of about 
(103 A/cm2). This area is often called an upturn area where the current increases 
again linearly with the voltage [47,50]. 
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 (2-4)The electrical conduction in metals and semiconductors: 

         Metals and semiconductor's electrical conduction varies considerably, and 
the resistance of the two materials depends on the temperature. The resistance in 
semiconductors reduce as their temperature rises, but the reverse is in the 
metals. The electrons move up to a greater energy level and experience big 
numbers of collisions per unit time when temperature increase and reduce time 
between collisions, thereby increasing metal resistance [51]. 

         In a semiconductor, two charging carriers are available: the valence band 
holes and the conduction band electrons, if the temperature rises, the valence 
electron can acquire energy to reach the conductive band, that made holes 
(empty states), This mean increases the amount of carriers and reduces the 
resistance of semiconductors [52]. 

 (2-5) Some electrical properties of ZnO varistor 

(2-5-1) Non Linear coefficient (α): 

         The most significant parameter of the ZnO varistor is the nonlinear 
coefficient (α) and the degree of the nonlinearity of electric conductivity and 
determines Zinc oxide varistor ability to repress voltage surges instantaneously 
[53]. Since ZnO varistor's  nonlinear behavior owing to the phenomenon of 
grain boundaries [54]. In particular additives, homogenization and sintering 
conditions must be controlled by processing parameters to obtain a regular 
microstructure [16]. 

 

(2-5-2) The Leakage current (IL): 

          One of the significant parameters for ZnO varistor is the leakage current 
due to It determines the quantity of loss the power of electricity at the Pre-
breakdown area (ordinary voltage) which looks like a heat, so reduced of the 
leakage current lead the varistor to be better [55]. 

          The elevated leakage current rate can heat the devices and influence other 
electrical characteristics. If the heat is not transferred to the outside atmosphere 
due to the leakage current, It can cause the device to run thermally away. So, the 
manufacturer's direction is to reduce the leakage current to the lowest possible 
level [56]. 
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The leakage current can be measure as: [46]. 

IL = I  0.8 V0.1𝑚𝐴 ……………………   (2-10) 

(2-5-3)The breakdown voltage (vb) 

          The voltage at which the nonlinearity starts and it refers to that the device 
changes from insulating to conducting rule. It is described as the voltage that the 
device passes under (0.5 mA) of current and is referred to as V0.5. The steady-
state voltage of the circuit is set to a certain proportion of breakdown voltage, 
ordinarily in power implementation and it is set at (70 to 80) % of (V0.5 mA), as 
shown by the following equation: [47]. 

Vb =0.8 V0.5 mA ………………...……… (2-11) 

 (2-5-4)The dielectric properties: 

          Since the varistor functions in the breakdown (low current region) 
conduct like an insulator (dielectric material), it has dielectric characteristics 
that also include true dielectric constant, imaginary dielectric constant (loss 
factor). 

 We can calculate true dielectric constant (Ԑ') from equation:  

 Ԑ′= C.d / ԐΟA ………….. (2-12)  

Where: 

C: The varistor's capacity              , ԐΟ: The Vacuum permittivity         

d: The varistor sample thickness   , A:  The sample cross-sectional region 

 We can calculate the imaginary dielectric constant Ԑ′′ (dielectric loos) by the 
equation: 

Ԑ′′ = Ԑ′ tan𝛿𝛿 ……………………… (2-13)  

Where: tan𝛿𝛿 refers to the proportion of real and imaginary dielectric constant 
[57]. 
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(2-5-5)The average grain size: 

         To determined the average grain size we can use the Scherer equation 
from X-Ray diffraction information as follows [58]:  

 𝐷 = 𝐾 𝜆
𝛽(2𝜃)𝑐𝑜𝑠𝜃 

  …………………... (2-14) 

Where: D: refer to grain size (nm) 

λ: is the incident X-ray beam wavelength= (1.54 AΟ)    

k: is constant= 0.94 

β; is full width at half maximum (radians)  FWHM 

θ: is Bragg angle (peak position) 

 

(2-6) The effect of additive on the characteristics of ZnO varistor: 

          Several kinds of additives such as (Bi2O3, Sb2O3, Cr2O3, CoO, MnO2 
and In2O3) and other metal oxides are added to acquire the non-ohmic feature of 
the ZnO varistor into a certain molar proportion [59]. Each of these dopants has 
a special role to enhancing ZnO varistor's electrical properties [60]. 

          (Bi2O3) is the basic dopant caused by ZnO varistor's nonlinear 
characteristic, it has a melting point of (825℃) composes a liquid phase during 
the sintering process that enables other dopants to be transferred between grains 
And then segregates at the znO grain boundaries producing a highly charged 
layer causing an electrostatic barrier that induces nonlinearity of the ZnO 
varistor [61,8]. 

          Also the (In2O3) is a spinal phase (ZnIn2O4) that performs the same 
function as other spinal phase by inhibit the grain growth [36]. Due to the fact 
that Indium is a donor dopant, the electrical conductivity of ZnO grains is 
increased by dissolving certain Indium atoms in the ZnO crystal lattice. 

 𝐼𝑛2 𝑂3  
ZnO
��  2𝐼𝑛 𝑍𝑛 + 2𝑂0𝑋 + 2𝑒′ + 1

2
𝑂2 ↑ …………… (2-15) 

In this state, the ZnO grains are transported from the semiconductor to the 
metallic conduct. 
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          Cr2O3, CoO and MnO2 improve ZnO varistor's nonlinear characteristics, 
because transition metal oxides are thought to be important to create an 
electrostatic barrier at the boundaries of the ZnO varistor grain [62]. 

 

(2-7) sintering process  

          Ceramic most products are made of powder technology and bulk ceramic 
parts are always mechanically poor. Ceramic materials are generally 
manufactured use a heat treatment step to form the needed shape, this is called 
sintering process from  powder and transformed to a thick solid, Which can be 
the most significant step in a solid state reaction [63,64]. 

          This process can be defined as a processing technique for material and 
part manufacturing with high ceramic powder or metal density Using regulated 
amounts and ranges of thermal energy [63]. Generally, the aims of sintering are 
[65]:  

1. Produce a portion with design microstructure (control the grain, pores and 
other phases of form, size and size distribution) by regulating the variables of 
sintering. 

2. Obtain the physical-mechanical characteristics that required and enhance 
strength, hardness and toughness of fractures. 

3. Changes in the materials electrical and thermal conductivity 

 

(2-7-1) Variables sintering effects:  

          The sintering process is regulated by a big amount of variables that 
determined the structure and characteristics of the sintereing, the variables may 
be classified into two classifications of compact powder:- 

1. Variables of materials: the raw material variable that includes: 

 (Chemical composition, shape, size, size distribution, impurity, homogeneity, 
etc), these factors affect the density of the powder and the growth of grains.   

2. Variables of processes: Include temperature, atmosphere, pressure, time, 
heating and cooling variables [64]. 
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 (2-7-2) Sintering type  

          It is possible to recognize two significant kinds of sintering 
which relied on the fired structure and the second phases that were 
created during the heat treatment: 

1- Solid state sintering: It happens when the green body (compact powder) is 
typically heated (50% - 90%) of the melting point.The particles are bonded in 
this mechanism forming of the necks (particle shape changes) [66]. 

  

 
Figure (2-7) sintering of solid state reaction 

 

2. Sintering of the liquid phase: It happens at a temperature higher than one or 
two of the components milting temperature of the combination of powder. 

The liquid sintering phase is used to increase the rate of densification, and 
accelerate the growth of grains to produce different grain boundary 
characteristics [67]. 
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(2-7-3) Sintering influence on ZnO varistor's microstructure and 
electrical characteristics:  

         Typically ZnO varistors are produced through standard ceramic 
processing (mixing, drying, forming and sintering). The chemical composition 
and production method particularly the sintering steps affect the microstructure 
of the ZnO varistor, that controls the grain growth of ZnO varistor 

         The higher sintering temperature accelerates the growth of grain and 
reduce the amount of grain boundaries which reduce the breakdown voltage for 
some varistor thickness. So the sintering temperature reduction is one way to 
achieve the varistor at high voltage [21]. 

 

 (2-8) X-ray diffraction testing: 

         XRD is a fast analysis method mainly used to identify the phase of a 
crystalline material which can provide unit cell dimensional information. The 
structure composition and physical properties of materials can investigate by 
XRD test [68]. 

         The identification of unknown materials in the sample is an easy technique 
with X-ray diffraction by comparing the sample diffraction pattern observed in 
the X-ray by standard card of diffraction of joint committee on the powder 
diffraction standard as a shortcut (JCPDS) cause of every crystalline have a 
unique XRD pattern that use as a finger print [69,70]. 

         A monochromatic beam is directed towards a material in the X-ray 
diffraction test, and the material atoms function as a scattering source, then 
waves scatter and constructive or destructive interference exists along these 
various directions. 

         And so on let's say only the scattered waves of beam (1) and beam (2) 
from level (1) and level (2) with spacing interplanar (d), as illustrated with the 
figure (2-8) 
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Figure (2-8) XRD principles from a number of planes [59] 

 

         The difference between (beam1) and (beam2) in the trajectory length is 
equal to (2d sin θ). Constructive interference with the wave usually occurs when 
(2d sinϴ) multiple of one wavelength (𝜆) is equal to integer [71]. 

nλ = 2dsinθ …….…….. (2-16) 

Where:  

θ: The angle between the reflecting plane and the XRD beam 

λ: The wavelength of  XRD 
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 (2-9) SEM test: 

        Scanning Electron Microscopy and as a shortcut (SEM) is a non-distractive 
test that used for high-resolution pictures compared to optical microscopy and 
provides useful particle size information and surface defects. SEM is dependent 
on a fine beam that touches a sample, a map of the surface topography is 
detected by the reflected electrons which shown in figure (2-9) 

 

 

Figure (2-9) the SEM device 

 

         Particle size measurement and distribution are very important structural 
features to make us know how their influence on the varistor sample 
characteristics [72].  
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 (3-1) Introduction of the work 

In the initial part of study the effect of (In2O3) nano powder doping on 
the electrical and optical properties of ZnO based varistor ,we prepared samples 
with four sets of various structure of (Zinc oxide-based varistor) which were 
sintered with various sintered temperatures they are (1000, 1050 and 1100)ᴼ C 
for 2h. These samples prepared by a solid state reaction and X-ray   diffraction 
was taken for each sample to study the results  

(3-2) Samples prepare  

In order to prepare a ceramic material by solid state reaction, there are 
several main steps that must be followed and can be represented in the 
following figure (3-1). 

 
Figure (3-1) sketch shows the experiment work 
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 (3-2-1) Preparing of the material 

The beginning raw materials that used in preparing of samples shown in 
Table (3-1) that indicates the chemical compound, the purity, the melting point  
and powder images of all the starting material . 

 

Table (3-1) the major features of starting materials 

 
Manufacturing 

 
Image 

 
Melting 

point 

 
Purity 

 
Chemical 

Compound 

 
Fluka 

 

 
1975ᴼC 

 
99% 

 
ZnO 

 
GCC 

 

 
1910ᴼC 

 
99% 

 
In2O3 

 
Himeddia 

 

 
817ᴼC 

 
99% 

 
Bi2O3 

 
Riedel-de 

Haën 

 

 
656ᴼC 

 
99.5% 

 
Sb2O3 

 
BDH 

 

 
535ᴼC 

 
99% 

 
MnO2 

 
BDH 

 

 
2435ᴼC 

 
99.5% 

 
Cr2O3 

 
BDH 

 

 
1933ᴼC 

 
99.5% 

 
CoO 
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With considering test the main material (ZnO) and the doped material 
(In2O3) by X-ray diffraction test to ensure the purity ratio of the material that 
used in work. 

 

(3-2-2) Weighting  

To create the weights that required for making mixtures and batches for 
each compound, the values of the molar mass (g/mol) and mass (g) must be 
taken at the beginning, These values is achieved in the following relationships : 

Molar mass = element's atomic mass x number of element's atoms .………(3-1) 

Mass (g) =molar mass ( 𝑔
𝑚𝑜𝑙

) x molar ratio (mol)               …………………(3-2) 

The values in (3-2) table which for molar mass, molar ratio and mass (g) 
shown with taking (30 %) of mass (g) value for each compound that prepared to 
a formulations (BC, BC1, BC2, BC3) where (BC) mean's batch composition. 

 

Table (3-2) molar mass, molar ratio and 30% mass of the composition 

 

   BC0 

30% mass 
(g) 

mass (g) 
The molar 

ratio 
The molar mass 

(g/mol) 
chemical 

compound 

23.5624 78.5413 0.965 81.39 ZnO 
0.9785 3.2617 0.007 465.96 Bi2O3 
0.8745 2.9152 0.01 291.52 Sb2O3 
0.2279 0.7599 0.005 151.992 Cr2O3 
0.1798 0.5994 0.008 74.933 CoO 
0.1304 0.4346 0.005 86.938 MnO2 

0 0 0  In2O3 

25.9535 86.5121 1   
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   BC1 
30% mass 

(g) mass (g) The molar 
ratio 

The molar mass 
(g/mol) 

chemical 
compound 

23.5379 78.4599 0.964 81.39 ZnO 
0.9785 3.2617 0.007 465.96 Bi2O3 
0.8745 2.9152 0.01 291.52 Sb2O3 
0.2279 0.7599 0.005 151.992 Cr2O3 
0.1798 0.5994 0.008 74.933 CoO 
0.1304 0.4346 0.005 86.938 MnO2 
0.0832 0.2776 0.001 277.636 In2O3 
26.0122 86.7083 1   

 

   BC2 

30% mass 
(g) mass (g) The molar 

ratio 
The molar mass 

(g/mol) 
chemical 

compound 
23.4891 78.2471 0.962 81.39 ZnO 
0.9785 3.2617 0.007 465.96 Bi2O3 
0.8745 2.9152 0.01 291.52 Sb2O3 
0.2279 0.7599 0.005 151.992 Cr2O3 
0.1798 0.5994 0.008 74.933 CoO 
0.1304 0.4346 0.005 86.938 MnO2 
0.2498 0.8329 0.003 277.636 In2O3 
26.13 87.0508 1   

 

   
BC3 

30% mass 
(g) mass (g) The molar 

ratio 
The molar mass 

(g/mol) 
chemical 

compound 
23.4403 78.1344 0.96 81.39 ZnO 
0.9785 3.2617 0.007 465.96 Bi2O3 
0.8745 2.9152 0.01 291.52 Sb2O3 
0.2279 0.7599 0.005 151.992 Cr2O3 
0.1798 0.5994 0.008 74.933 CoO 
0.1304 0.4346 0.005 86.938 MnO2 
0.4164 1.3881 0.005 277.636 In2O3 
26.2478 87.4933 1   
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 (3-2-3) Mixing 

The raw materials are taken after weighing to be mixed using filtered 
water in a bottle for a full day (24 hour) with used a magnetic electrical stirrer 
(England made),  to get the homogeneity for samples components. 

 

(3-2-4) Drying  

After mixing process, the compound is placed in the oven at (80°C) for 
(24 hour) to get rid of the distilled water that used in the mixing process. 

 

(3-2-5) Calcination:  

The calcination use to get rid of gases, moisture and surface impurities of 
the mixed material, but before calcination process a (TGA) test was carried out 
to determine the phases of the oxide powders used and the temperature that 
would effect on them. An oven used in the atmosphere of 500ᴼC for two hours 
with heating rate (5ᴼC. min-1) using ceramics crucibles in a muffle furnace, as 
shown in figure (3-2). 

 
Figure (3-2) calcination the powder 
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(3-2-6) Milling  

The combination was milled using gate mortar from the ceramic to obtain 
homogeneous features and particle size mixing powder. 

 

(3-2-7) The samples forming 

Compact the milled powder by pressing the disks (pellets) with pressure 
(250 bar), and (16 mm) diameter with thickness about (3-3.5 mm), taking into 
account the pressure be for equal periods of time. 

Using a hydraulic Mega press (Mega company, 20 tons, Spain) with a steel 
mold, that shown in figure (3-3). 

 

  

 

Figure (3-3) images of molds and presses 
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 (3-2-8) Sintering process  

After the pressing of green disks, use the sintering process under various 
temperatures to achieve of last shapes and the desired features by used the 
furnace, their operators explain as follow: 

1. First sintering temperature (1000℃): The heating rate is equivalent to (5 
°C/min) on all samples for 2 hours, and finally the furnace switched off and 
decreased temperature to room temperature. 

2. Second sintering temperature (1050℃): The heating rate is equivalent to (5 
°C/min) on all samples for 2 hours, and finally the furnace switched off and 
decreased temperature to room temperature. 

3. Third sintering temperature (1100℃): The heating rate is equivalent to (5 
°C/min) on all samples for 2 hours, and finally the furnace switched off and 
decreased temperature to room temperature. These processes are carried out by 
used the furnace that shown in the figure (3-4) 

 

 
Figure (3-4) image of the furnace sintering 
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And the produced samples are shown in the figure (3-5) 

 

.  

Figure (3-5) image of produced samples  

 

(3-2-9) Polishing process 

The sample thickness and surface area effects on the structural, electrical and 
optical properties, so that the samples polished using different degrees of SiC 
abrasive papers to obtain a certain thickness. 
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(3-2-10) Electrodes   

In this process, Electrodes were deposited to the samples using a thin film 
device, using aluminum element with (350 nm) of thickness with (10 mm) of 
diameter of the electrode with both samples sides, using an evaporation and 
substrate vacuum thermal system. 

After electrode deposition process, copper wires constituted the 
electrodes by placing the wire on the aluminum electrode using silver paste, 
Then leave it to dry for (24 hours) for each side of the sample, that shown in 
figure (3-6).  

  

 

Figure (3-6) samples images after aluminum electrode 

   

(3-3) X-Ray diffraction test 

XRD test that used to distinguish  the pure (Zinc Oxide and In2O3 nano 
powders) and discuss verify crystalline structure, lattice parameters and phase 
dissection for samples (BC/0 ,BC/1, BC/2 and BC/3) which sintered at three 
different temperatures (1000, 1050, 1100) ᴼC . 

XRD type source was (6000 Shimadzu), the functions include: {UK, 
Voltage: 40kV, Current: 30mA, Wavelength: 1.5406 Å} and continuous mode 
scans from (10°–80°) of the samples. 
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 (3-4) Measurement of electrical characteristics 

The (I-V) measurement was calculated with using a homemade 
instrument, DC power supply (PHYWE, 0-10 KV, 2mA), Where the voltage 
during the tests altered manually, and two types of multimeters, were used; one 
as DC micrometer (0.1 𝜇𝜇𝐴𝐴−20𝐴𝐴), and the other as a DC voltmeter (0.1mV-
1000V), that showen in figure (3-7) 

 

  

 

Figure (3-7) power supply and multimeters images 

 

(3-4-1) Breakdown voltage (Vb)  

Measure of voltage value (V0.5 mA) that is equivalent to (0.5mA) in 
contrast to the current value, and then calculate breakdown voltage values by 
using equation (2-12) 
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(3-4-2) Leakage current (IL) 

Calculate the present value in contrast to the (V0.1 v) voltage 
value, and then calculate the leakage current values by using equation 
(2-10) 

 

  (3-4-3) Nonlinear coefficient (α)  

The nonlinearty coefficient (α) can be calculated by using equation (2-9) 
after calculating the values of current and voltages. 

  

 (3-4-4) Dielectric features test 

Dielectric features, such as the real dielectrical constant (Ԑ′ ) and the 
imaginary dielectric constant (Ԑ′′ ) {the loss factor (tan 𝛿𝛿)} which investigated 
at (10 mV) in the range (5000Hz-1MHz), use the LCR meter that (LCR-8105G, 
20 Hz - 5 MHz, RS-232,Taiwan) model  which shown in the figure (3-8) 

 

 

Figure (3-8) LCR meter image 
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 (3-5) SEM test  

To investigation of (In2O3) nano powder  concentrations of dopants and 
the impact of sintering temperature on grain size that affecting on electrical 
characteristics, By scanning electron microscopy (SEM) the sintered ZnO 
samples with varying concentrations of indium oxide nano powder and various 
sintering temperatures were studied, type (INSPECT S50) at Technological 
university, as shown in figure (3-9). 

 

 

Figure (3-9) SEM device image 
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(3-6) I-V property measurement 

The (I-V) current–voltage optical property mensuration was calculated 
with used the keithley Interactive Source Meter instrument model 2540, USA 

With an external light source (tungsten) with a light intensity of about 
(1000 watts/meter) and spectrum about 300nm to 1.5mm, that shown in figure 
(3-10) 

 

 

Figure (3-10) Interactive Source Meter with light source (tungsten) 
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(4-1) Introduction  

I will discuss the results of the experimental study in this chapter and 
discuss the influence of sintering temperature and In2O3 nano powder dopant 
concentration on the changes in the ZnO-based crystal structure by varying tests 
and discusses, such as X-ray diffraction, Scanning electron microscopy, and the 
electrical properties with using some electrical tests like (breakdown voltage, 
nonlinear coefficient, leakage current, real dielectric constant, and loss factor) 
and optical properties like (I-V) optical properties. 

 

 (4-2) XRD results 

We acquired a modality with many clear peaks by the XRD of Zinc oxide 
powder (raw material) at range of 2ϴ (20-70) degree concerning the plans. 

That shown in figure (4-1). And when we contrasted the pattern observed 
with (WPDGT), it was comparable to the amount of the card (36-1461), (that 
shown in the appendix), that shown the powder is a hexagonal wartzite 
polycrystalline – type structure. 

 

 

Figure (4-1) X-ray diffraction sketch for pure ZnO powder 
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As well the pure In2O3 nano powder XRD pattern shown in figure (4-2) 
which comparable with the card number pattern (06-0416) .This shows that the 
In2O3 powder used is cubic (that shown in the appendix) 

 

 

Figure (4-2) X-ray diffraction sketch for In2O3 nano powder 

 

 

Figure (4-3) X-ray diffraction sketch for BC0 sample at 1000ᴼC 
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From the (XRD) sample sketch ( BC0 ) shown in figure (4-3), four phases 
can be seen there are :  Zinc oxide phase, spinel phase,  Pyrochlore phase and 
Bi-rich phase (Bi2O3) and that's in agreement with Shenghua Zhang work, (that 
shown in appendix) [19] 

To investigate of the In2O3 nano powder influence as a dopant material 
on the Zinc oxide-based varistor's crystal structure, X-ray diffraction patterns 
are taken for specimens (BC1, BC2 and BC3) sintered at 1000ᴼC and (BC3) for 
1050ᴼC and 1100ᴼC. 
 
 

 
 

Figure (4-4) X-ray diffraction sketch for BC1 sample at 1000ᴼC 
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Figure (4-5) X-ray diffraction sketch for BC2 sample at 1000ᴼC 
 
 
 

 
 

Figure (4-6) X-ray diffraction sketch for BC3 sample at 1000ᴼC 
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Figure (4-7) X-ray diffraction sketch for BC3 sample at 1050ᴼC 
 
 
 

 
 

Figure (4-8) X-ray diffraction sketch for BC3 sample at 1100ᴼC 

 
In these XRD sketches for samples that sintered for 2 hours and shown in 

figures (4-4), (4-5) and (4-6) we can see that the peak intensity reduced with the 
increased concentration of In2O3 nano powder, this reduction in peak intensity 
could be attributed to that the dopant atom creates its own ZnO-lattice atomic 
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plans which produces XRD scattering not at the same phases, this leads to 
partial destructive interference this results in a reduction in peaks intensity [73]. 
 

The figures (4-6), (4-7) and (4-8) respectively for sample (BC3) at 
different sintering temperatures for 2 hours, we can see that with the increase in 
the sintering temperatures, the peak intensities are increased because of the 
influence of elevated temperatures on grain growth acceleration. 
 
 
(4-3)The calculation of crystallite size: 
 
The sample crystallite sizes in table (4-1) were calculated using the equation  
(2-15) of Deby-Scherrer with take the avarge of three strongest full Width 
(FWHM) and (2 theta) peaks values from the Xrd data process 
 
 

Table (4-1) crystallite size of different samples with different sintering 
temperatures   

 
 

Diameter 
(nm) 

 
2ϴ 

(degree) 

 
FWHM 
(degree) 

 
Samples 

 

 
41.4295 

 
41.2583 

 
0.2143 

 
BC0 1000ᴼC 

 
30.7054 

 
40.9692 

 
0.2689 

 
BC1 1000ᴼC 

 
23.8220 

 
40.9822 

 
0.3466 

 
BC2 1000ᴼC 

 
20.2519 

 
40.9367 

 
0.4077 

 
BC3 1000ᴼC 

 
41.4295 

 
41.6406 

 
0.1993 

 
BC3 1050ᴼC 

 
45.1682 

 
41.5989 

 
0.1828 

 
BC3 1100ᴼC 
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Table (4-1) shows that the size of crystallite reduces as the concentration 

of In2O3 nano powder increases, this reason due to the formation of a spinal 
phase (ZnIn2O4) by (In2O3) that plays a major role in inhibiting grain growth, 
and this agree with [32]  
 

From the table (4-1) we can see the elevation in crystallite sizes with the 
elevated of sintering temperature, on sample BC3 sintered at (1100ᴼC) it arrives 
(45.1682 nm). This is because of the influence of elevated sintering 
temperatures on the growth of grains [67] 
 
 
 
 
 (4-4) SEM test 
 

The (SEM) scans the sintered sample surface (BC0 and BC3) at (1000) 
ᴼC for 2hours as well as the sintered (BC3) samples at (1050 and 1100) ᴼC for 2 
hours. As shown in figure (4-9) 

 

 
 

Figure (4-9-a) SEM image for pure (BC0) sample sintered at (1000) ᴼC 
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Figure (4-9-b) SEM image for (BC3) sample sintered at (1000) ᴼC 
 
 
 

 
 

Figure (4-9-c) SEM image for (BC3) sample sintered at (1050) ᴼC 

 

 



44 

 
 

Figure (4-9-d) SEM image for (BC3) sample sintered at (1100) ᴼC 

 

Table (4-2) shows the diameter of some grains of the samples, wich 
determined by SEM 

 
Samples 

 
Diameter (nm) 

 
BC0 1000ᴼC 

 
493.36 

 
BC3 1000ᴼC 

 
311.85 

 
BC3 1050ᴼC 

 
562.35 

 
BC3 1100ᴼC 

 
618.23 
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We have the ability to see the average diameter decreased partlially as the 
concentration of nanoic (In2O3) increases, this is due to the In2O3 nano powder 
mixing composed a spinel phase that decreases the ZnO grain boundaries 
growth, causes grain size decreases, and that's in agreement with work [60] 
 

The average diameter of the grains were significantly increased with 
elevated of sintering temperature, the higher sintering temperature speeds up the 
growth of ZnO grain, that agree with [21]. 
 
 
 
(4-5) The electrical mensuration: 
 
 (4-5-1) Breakdown voltage (Vb) 

The (Vb) of any varistor sample was calculated when a current of 
(0.5mA) Passed through the circuit-connected varistor. The (Vb) values for the 
samples are shown in the table (4-3) that we can notice the increases of (Vb) 
with evaluate the In2O3 nano powder concentration at different sintering 
temperature, which evaluated from (1287V)  for BC0 sample to (2080V) for 
BC3 sample, which they sintered at (1000ᴼC) for 2h. 

 That increase of (Vb) can be ascribed to the In2O3 nano powder forming 
spinel phase (ZnIn2O4) inhibiting the growth of grain by locating the grain 
boundaries lead to increaase the amount of grain boundaries and then rise the 
(Vb) values of the varistor, depending on the equation (2-12), and that's agree 
with Maura Kelleher [55]. 
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Table (4-3) the measured of (Vb) of the samples 

 
 The breakdown 

Voltage(vb) 
(v) 
 

 
 

Samples 
 
 

 
1287 

 
BC0 1000ᴼC 

 
1600 

 
BC1 1000ᴼC 

 
1840 

 
BC2 1000ᴼC 

 
2080 

 
BC3 1000ᴼC 

 
1096 

 
BC0 1050ᴼC 

 
1240 

 
BC1 1050ᴼC 

 
1085 

 
BC2 1050ᴼC 

 
1360 

 
BC3 1050ᴼC 

 
1043 

 
BC0 1100ᴼC 

 
1126 

 
BC1 1100ᴼC 

 
1096 

 
BC2 1100ᴼC 

 
1188 

 
BC3 1100ᴼC 

 

 



47 

 

Figure (4-10) divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1000ᴼC 

 

 

Figure (4-11) divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1050ᴼC 
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Figure (4-12) divergence of breakdown voltage with increased In2O3 % mol 
concentration at 1100ᴼC 

 

It is possible for us to note that (Vb) decreased as sintering temperature 
increased at certain concentrations of In2O3 nano powder so for example it was 
declining from (2080V) to (1188V) for BC3 sample at the temperature of sintering 
increases from 1000ᴼC to 1100ᴼC. This sharp  reduction because of the rise in grain 
growth as a cursor of sintering temperature that decreases the amount of grain 
boundaries.  
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(4-5-2) leakage current (IL)  

(IL) was calculated when the voltage from the breakdown voltage was 
equal to (0.8), that shown in the table (4-4) 

 

Table (4-4) leakage current measurments for all samples 

 
Leakage Current  

(mA) 

 
Samples 

 
0.21 

 
BC0 1000ᴼC 

 
0.14 

 
BC1 1000ᴼC 

 
0,02 

 
BC2 1000ᴼC 

 
0.03 

 
BC3 1000ᴼC 

 
0.27 

 
BC0 1050ᴼC 

 
0.09 

 
BC1 1050ᴼC 

 
0.04 

 
BC2 1050ᴼC 

 
0.01 

 
BC3 1050ᴼC 

 
0.34 

 
BC0 1100ᴼC 

 
0.28 

 
BC1 1100ᴼC 

 
0.18 

 
BC2 1100ᴼC 

 
0.13 

 
BC0 1000ᴼC 
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Figure (4-13) divergence of the leakage current with increased In2O3 % mol 
concentration at 1000ᴼC 

 

 

Figure (4-14) divergence of the leakage current with increased In2O3 % mol 
concentration at 1050ᴼC 
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Figure (4-15) divergence of the leakage current with increased In2O3 % mol 
concentration at 1100ᴼC 

 

 

From table (4-4) and figures (4-13), (4-14) and (4-15) we can see that the 
current of leakage decreased with the increase of In2O3 nano powder at every 
situation  of sintering, the decrease in the current of leakage may be due to that 
In2O3 nano powder will increase the area of attrition layer, when this layer is 
increased, the charge carriers are unable to cross the charge and then reduce the 
leakage current, that agree with [59]. 

               And we can be observed that the current of leakage rises as the sintering 
temperature rises, due to that Indium dopants function as a granter in Zinc oxide lattice, 
so that the conductive band charge carrier raises ZnO grain resistance, and that increases 
the leakage current. 

This can be attributed to the addition of insoluble (Bi2O3) in ZnO and the 
grain boundaries make a highly charged layer and raise the interface resistance resulting 
in a higher (vb) and a reduction in the leakage current value, that is agree with [8] 
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 (4-5-3) The nonlinear coefficient (α)  

The non-linear coefficient (α) is the extreme significant parameter in 
varistor work and constitutes the highest criterion parameter among other varistor 
parameters or characteristics. The nonlinear coefficient for all the samples was 
determined using equation (2-9), and displayed in the table (4-5). 

Table (4-5) nonlinear coefficient values for all samples 

 
Nonlinear 

coefficient (α) 

 
Samples 

 
 

 
15.87 

 
BC0 1000ᴼC 

 
35.71 

 
BC1 1000ᴼC 

 
37.03 

 
BC2 1000ᴼC 

 
39.17 

 
BC3 1000ᴼC 

 
10.98 

 
BC0 1050ᴼC 

 
25.29 

 
BC1 1050ᴼC 

 
28.11 

 
BC2 1050ᴼC 

 
38.32 

 
BC3 1050ᴼC 

 
12.52 

 

 
BC0 1100ᴼC 

 
13.33 

 
BC1 1100ᴼC 

 
19.41 

 
BC2 1100ᴼC 

 
30.30 

 
BC3 1100ᴼC 
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The measurements of  I-V properties tests were done for samples (BC0, 
BC, BC2 and BC3) sintered at three different temperatures, and we can observe 
nonlinear behavior in these curves, that shown in following figures.  

 

  

  
 

Figure (4-16) I-V curve for: 

a) BC0 1000ᴼC sample,    b) BC1 1000ᴼC sample 

c) BC2 1000ᴼC sample,    d) BC3 1000ᴼC sample 
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Figure (4-17) I-V curve for: 

a) BC0 1050ᴼC sample,   b) BC1 1050ᴼC sample 

c) BC2 1050ᴼC sample,   d) BC3 1050ᴼC sample 
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Figure (4-18) I-V curve for: 

a) BC0 1100ᴼC sample,   b) BC1 1100ᴼC sample 

 c) BC2 1100ᴼC sample,    d) BC3 1100ᴼC sample 
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From the values of the table (4-5) and figures (4-16), (4-17) and (4-18) 
we can note the increasing of nonlinear coefficient gradually with increasing 
In2O3 nano powder doping and other oxides, so we notice that the nonlinear 
coefficient values of the samples BC3, BC2 and BC1 clearly improved 
gradually relative to the BC0 samples. This increase is due to nonlinearity 
behavior owing to the addition of oxide dopants and the fact that In2O3 nano 
powder inoculation leads to the increase and regularity of the formation of 
Schottky barriers between grain boundaries, that is agree with [74] 

And decrease of nonlinear coefficient with evaluating the sintering 
temperatures. This decrease in (α) is due to the increase in sintered temperature 
lead to increases the  grains growth  and  reduce the Schottky barriers, which 
leads to reduce the coefficient of nonlinearity ,  reported by [75]. 

 

 

Figure (4-19) divergence of the nonlinear coefficient with increased In2O3 % 
mol concentration at 1000ᴼC 
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Figure (4-20) divergence of the nonlinear coefficient with increased In2O3 % 
mol concentration at 1050ᴼC 

 

  

Figure (4-21) divergence of the nonlinear coefficient with increased In2O3 
% mol concentration at 1100ᴼC 
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(4-5-4) Dielectric constant (Ƹ) 

To study the effect on the dielectric constant of the In2O3 nano powder 
concentration and sintering temperature, the dielectric constant was measured for 
samples (BC0, BC1, BC2, BC3) which were all sintered at 1050ᴼC, and for samples 
(BC1, BC3) which sintered at 1100ᴼC.With frequency range at room temperature 
(500Hz-1MHz). 

 

 

Figure (4-22) Dielectric constant for (BC0, BC1, BC2 and BC3) as a 
frequency function sintered at 1050ᴼC 
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Figure (4-23) Dielectric constant for (BC1 and BC3) as a frequency function 
sintered at 1100ᴼC 

 

From above figures the decrease in dielectric constant can be seen with 
the increase in sample frequency, this decrease can be attributed to when the 
frequencies increase, the diboles are unable to keep up with these frequencies, 
the vibration increases and the direction of the electrical field is very rapidly 
reflected, which decreases polarization and decreases static isolation. [76] 

         We can also notice that the samples sintered at higher temperatures have a 
high constant dielectric value, this is due to the bigger size of ZnO grain and 
reduced grain boundaries of the samples and that's the same reason why dielectric 
constant decreases with the evaluated in concentricity nanoic (In2O3) inhibiting 

grain growth  [77].                                                                                                   
. 
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(4-5-5) Dissipation factor (loss factor): 

     The loss factor was measured for samples (BC0, BC1, BC2 and BC3) all sintered 
at 1050ᴼC and for samples (BC1, BC3) sintered at 1100ᴼC to study the influence on 
the loss factor of the In2O3 nano powder concentration and sintering temperature as 
a frequency function. 

 

 

 

Figure (4-24) loss factor for (BC0, BC1, BC2 and BC3) as a frequency function 
sintered at 1050ᴼC 
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Figure (4-25) loss factor for (BC1 and BC3) as a frequency function 

 sintered at 1100ᴼC 

 

From (4-24) and (4-25) figures we can see that the loss factor increase 
with increasing the concentration of In2O3 nano powder significantly higher loss 
factor due to increased sintering temperature with higher In2O3 nano powder 
concentration this is because of the presence of In2O3, which leads to increase 
the energy loss as the leakage current [78]. 
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(4-6) I-V properties measurements: 

In order to study the effect of the intensity of the fallen radiation on the samples 
as well as the effect of darkness on I-V properties, the tests were done for samples 
(BC0, BC3) sintered at 1000ᴼC and (BC3) samples that sintered at 1050ᴼC and 
1100ᴼC, the results were shown in the figures: 

  
 

Figure (4-26) I-V test curve for 1000ᴼC sample (BC0) at light and darkness 

 

  
 

Figure (4-27) I-V test curve for 1000ᴼC sample (BC3) at light and darkness 
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Figure (4-28) I-V test curve for 1050ᴼC sample (BC3) at light and darkness 

 

  
 

Figure (4-29) I-V test curve for 1100ᴼC sample (BC3) at light and darkness 

 

From the results obtained and shown in the figures above, it was found that the 
light intensity used on the samples did not significantly affect the I-V properties behavior 
as well as the presence of darkness. This enables us to take advantage of varistor in 
external conditions, including shining sunlight and within the safe area and operating 
outside the closed areas and exposing it to some nature conditions. 
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(5.1) Conclusion 

We can conclude the following from the gained results.   

- Zinc oxide used as an additive to many industrial materials including ceramics 
because of its good multiple characteristics, so it is used in varistor industry 

- After mixing with certain metal oxides, zinc oxide behavior turned from linear to 
non-linear like (Bi2O3, CoO, Sb2O3, Cr2O3 and MnO2), this will positively effect 
on the electrical properties of the varistor. 

- The mixing of varistor with (In2O3) nano powder will inhibit grain growth and It 
increases the scale of improvement and improves the varistor microstructure thus 
improve its electrical properties such as (breakdown voltage, leakage current, 
Nonlinear coefficient and Dielectric properties). 

- The elevated of sintering temperature has adversely affected on enlarge the grain 
size as well on the improvement of electrical properties of the varistor. 

 - After shedding the light intensity of tungsten on the varistor specimens for a fixed 
period of time, it shows that their electrical properties (I-V) characteristics are not 
affected. We are interested in taking advantage of the use of varistor in external 
environmental conditions. 

 

(5.2) Future work 

- Study the effect of mixing (In2O3) nano powder on mechanic features of Zinc  
oxide - based varistor. 

-. Investigate of dopant (In2O3) nano powdon microstructure of SnO2 based varistor  

- Discuss the structure and electrical characteristics of ZnO-based varistor dopant 

  with (In2O3) sintered less than (1000) ᴼC with increase sintering time 

- Increase the pressing process amount and pressing time to reduce porosity of ZnO    
varistor 
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 :الخلاصة

 مجالات من العدید في حمایة كعنصر استخدامھ یتم .سیرامیكیة دوام من جھاز مصنوع  الفارستورھو    

 .)الصلبة الحالة تفاعل( السیرامیك لصناعات التقلیدیة الطریقة تستخدم الفارستور تحضبر اجل ومن. الحیاة

 لتحدید النانوي الاندیوم  اوكسید ومسحوق الزنك اوكسید لمسحوق السینیة الاشعة اختبارات اجراء تم         

 24 لمدة تجفیفھا ثم مغناطیسي خلاط بواسطة بالماء المساحیق خلط تم ، الوزن عملیة بعد .ةالنقاو درجة

 في ساعة 2 لمدة حرقال طریق عن ثبالشوا من وبعض والرطوبة الغازات من التخلص یتم ، ذلك بعد .ساعة

 توضع .مم 8 قطرھا نصف أقراص في العینات ضغط ویتم ، الطحن إجراء یتم ثم  .)مئویة درجة 500(

 للحصول مئویة درجة) 1100 و 1050 ، 1000( مختلفة حرارة درجات ثلاث عند دیللتلب الفرن في العینات

        .المطلوبة الأشكال على

 طور رأسھا على كان والتي اطوار ظھورعدة وتبین الملبدة للعینات السینیة الاشعة فحوصات اجراء تم 

شیرر  -دیباي معادلة باستخدام العینات من الحبوب وحجم البلورات حجم قیاس تم .الاساسي الزنك اوكسید

 اوكسید الاندیوم مسحوق تركیز بزیادة ینقص الحبوب حجم أن اتضحوالمسح  الإلكتروني المجھر وصور

 .دیالتلب حرارة درجة زیادة مع ویزید يالنانو

 .النانوي الإندیوم كسیدوأ مسحوق تركیز بزیادة سیزید فإنھ ، الحبوب حجم على الجھد انھیار تأثیر لأن

 یزداد الخطي غیر المعامل أن وجد لقد .والجھد التیار قیم بین) α( الخطي غیر المعامل سلوك رؤیة یمكن

 حرارة درجات زیادة مع) α( انخفاض سبب یعود. أخرى وأكاسید  النانوي )In2O3( مسحوق تركیز بزیادة

 انخفض  الحرارة درجة ارتفاع عند ، ذلك على علاوة .الحبوب حدود بین شوتكي حواجز تأثیر إلى التلبید

 ) النانوي.In2O3( مسحوق كیزاتر زیادة عند التسرب تیار

 ارتفاع مع الكھربائي العزل ثابت ارتفاع ویلاحظ التردد زیادة طریق عن العزل ثابت قیم تخفیض تم        

 الاندیومكسید وا كیزاتر زیادة مع تتناقص الخسارة عامل نتائج فإن ، ذلك ومع .دیتلبال الحرارة درجات

 .النانوي

 وكذلك علیھا الضوء شدة تسلیط بعد للعینات) الفولتیة-تیار( خصائص على والظلام الضوء تأثیر فحص تم

 من بالاستفادة لنا یسمح مما ، الاختبارین بكلا تتأثر لا للعینات الكھربائیة الخصائص أن تبین .العتمة في

  .الشمس ضوء تأثیر وخاصة ، الخارجیة البیئیة الظروف في الفارستور استخدام
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